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The subduction and accretion of an exotic terrane at the southern margin of
Alaska is driving uplift of the St. Elias and Alaska Ranges, and is responsible for some of
the largest strain releases in history. Here are presented results from numerical models
conditioned by geological observations that reproduce the tectonic landscape,
deformation, and strain patterns at macro- (1000-km) and meso- (<100 km) scales. These
models utilize completely coupled thermal and mechanical solutions that account for the
development of heterogeneities to both the thermal and rheological structure of the
lithosphere. Perturbation to the thermal structure related to flattening of the buoyant

down-going slab offsets the hot mantle wedge flow, cooling the fore-arc region of the
orogen developing a thin sliver of material that behaves frictionally. This frictional sliver
provides a primary control on the transfer of strain to the over-riding crust and influences
the observed deformation patterns. Strengthening of the fore-arc causes a large-scale
discontinuous jump in the deformation front.

Initial deformation consists of the

development of the Alaska Range orogenic wedge and dextral Denali Fault system. The
deformation pattern reorganizes most of the strain captured by the St. Elias orogenic
wedge forming above the down-dip limit of the frictional sliver. These model results are
consistent with the observed slip on the Denali Fault indicating the partitioning of
northwestward translation of the accreting terrane into the fold-thrust belt of the Alaska
Range, relatively fast uplift within the St. Elias Range, and the temporal shift in
deformation patterns observed within the thermochronological and stratigraphic records.
The mesoscale model strain patterns, including the effects of evolving topography and
erosion, are consistent with the geological observations; the St. Elias Range thin-skinned
fold-thrust belt develops with uplift reaching a maximum within the kinematic tectonic
corner. The basic strain pattern is controlled by the tectonic geometry, with the surface
conditions providing a secondary influence on the rates and magnitudes of deformation.
The results of this study indicate that the non-linear feedback between rheology,
temperature, and geometry provide a primary control on strain patterns during
orogenesis.
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Chapter 1 : Introduction
1.1 Purpose
The overarching goal of this project is to develop a quantitative model that
reproduces observed geomorphic and geologic patterns of Southern Alaska within the
context of the basic physics of terrane accretion and allows for the study of how and why
those features form. To achieve this goal, the numerical models developed for this study
must incorporate geological relationships, tectonics, and surface processes in order to
describe the regional deformation patterns within the orogen. The models presented here
explore the characteristic signal of accretionary tectonics by utilizing dynamic coupling
between the thermal evolution and rheological structure of the lithosphere, and its effect
on overall deformation patterns.
The combination of realistic thermo-mechanical numerical models and
appropriate geological data and expertise can provide valuable insights into the evolution
of the Earth at a range of time and spatial scales (e.g. Buck and Poliakov, 1998;
Beaumont et al., 2001; Koons et al., 2002; Sobolev et al., 2005).

The results of this

research project have broad implications for understanding the geodynamics of oblique
collision, the growth of the crustal lithosphere through terrane accretion, and the role of
nonlinear feedbacks on the evolution of collisional orogens (e.g. Behn et al., 2002; Nagel
and Buck, 2004; Naylor et al., 2005; Gerbault et al., 2005). As such, these findings can
provide valuable insight into the evolution of deformation pattern observed in other
terrane accretion events, such as the Laramide and Acadian orogens.
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1.2 ST. Elias Erosion/Tectonics Project
This project is a portion of a larger multi-disciplinary study addressing the
evolution of southern Alaska and northwestern Canada; the St. Elias Erosion/Tectonics
Project, or STEEP. The St.Elias orogen was formed as the Yakutat block, a continentaloceanic terrane, obliquely collided and accreted to North America at the eastern syntaxis
of the Aleutian subduction zone. The resulting mountain range is the product of the
balance between rapid uplift driven by crustal accretion and rapid exhumation by a
regional glaciation. The development of a comprehensive model for the St. Elias orogen
accounting for the interaction of tectonic and climatic processes is the overarching goal
of this project. As such, three fundamental questions will be addressed:
•

What is the relative role of tectonics and surface processes in influencing
regional deformation patterns?

•

How is deformation partitioned within the orogen? How does erosion
influence the partitioning of deformation?

•

What is the role of flat-slab subduction with respect to the large-scale
deformation patterns? What is the role of thermal advection?

This study has broad implications for understanding the geodynamics of oblique
collision, including the role of the coupling between erosion and deformation.
Furthermore, the results of this work can be extrapolated to both modern and ancient
oblique collisions and provide important information on the growth of continents through
assembly of allochthonous terranes.

2

1.3 Geologic Background
The active tectonic margin of southern Alaska, located at the northern limit of
North American Cordillera, was assembled through the accretion of several
allochthonous terranes since the late Mesozoic (Figure 1.1; Bruns, 1985; Plafker and
Berg, 1994; Plafker et al., 1994; Bruhn et al., 2004; Pavlis et al., 2004). Over the last ~10
Ma, deformation and uplift within the St. Elias and Alaska Ranges was driven by the
ongoing collision of the thickened oceanic plateau and associated sedimentary cover of
the Yakutat terrane with North America at the eastern syntaxis of the Aleutian subduction
zone (Figure 1.1; Bruns, 1985; Plafker et al., 1994). Today the heavily glaciated St. Elias
Range has the highest coastal relief on Earth (e.g. Mt. Logan: 5959 m and Mt. St. Elias:
5489 m) and the glacially derived sedimentary flux into the Gulf of Alaska has been
interpreted as the driving force for structural reorganization of the orogen (Berger et al.,
2008a; Berger et al., 2008b).
The southern margin of Alaska can be divided into four composite terranes based
upon their geologic histories and compositions. The Yukon terrane, located to the north
and northeast of the Denali Fault, consists of material that had accreted to North America
during the middle Mesozoic and were affected by Jurassic contraction and extension in
the Early Cretaceous (Pavlis et al., 1993). For the purpose of this study the Yukon
terrane is considered part of cratonic North America (Figure 1.1; Plafker et al., 1994).
South of the Denali fault suture zone is the Wrangell Composite Terrane (WCT), a late
Paleozoic volcanic arc, early Mesozoic mafic magmatic assemblage, and associated
sedimentary rock sequences (Nokleberg et al., 1994). During the late Jurassic to Early

3

Figure 1.1. Map of Geodynamics of southern Alaska.
Figure 1.1. Map of the Geodynamics of southern Alaska. This is a composite map
showing the approximate terrane boundaries, major fault traces, and locations of
important geological features. Additionally, the yellow shaded region shows the
approximate boundaries of the subducted portion of the Yakutat terrane (Eberhart-Philips
et al., 2006). The vectors for the Pacific Plate and Yakutat terrane, black arrows, are
taken from published sources (DeMets et al., 1994; Fletcher and Freymueller, 1999;
DeMets and Dixon, 1999). Additionally, the composite terranes of Alaska (after Plafker
and Berg, 1994) are show. See text for details.
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Cretaceous sedimentary basins developed along the leading edge of the WCT, into which
the sediment shed adjacent arc terranes, forming the Kahiltna/Gravina flysch (Nokleberg
et al., 1994). South of the WCT is the Southern Margin Composite Terrane (SMCT),
inclusive of Prince William and Chugach Terranes.

The SMCT formed as an

accretionary prism trenchward of the WCT and is a variably deformed oceanic
assemblage derived from off-scraping of the down-going Kula plate. Finally, the Yakutat
terrane is actively accreting to southern Alaska at the eastern syntaxis of the Aleutian
subduction zone, further details are discussed below.
During the Late Cretaceous to early Tertiary, the geodynamics of southern Alaska
were characterized by the longstanding northward subduction of the Kula plate beneath
North America. The subduction-associated coastal plutonic complex and volcanic arc
developed parallel to the trench along the ancestral Denali Fault zone (Figure 1.2; Plafker
et al., 1994). Deformation patterns were related to convergent tectonics to the northwest,
including early broad uplift and exhumation of metamorphic bedrock within the Alaska
Range (Cole et al., 2000), while to the southeast obliquity in the convergence angle
drives transform motion on the ancestral Denali fault system (Nokleberg et al., 1986;
Nokleberg et al., 1994). The current Denali Fault is a major tectonic boundary and has
been interpreted as the reactivated suture zone between cratonic North America and
terranes accreted during the Mesozoic (Cole et al., 2002; Ridgway et al., 2007).
By the Middle Eocene, changes to the stress state between North America and the
Pacific plate potentially due to the subduction of the Kula spreading ridge caused a 30 -

5

Figure 1.2. Late Cretaceous geologic map of southern Alaska.
Figure 1.2. Late Cretaceous geologic map of southern Alaska. Tectonic history of
southern Alaska during Late Cretaceous to Early Tertiary (After Plafker and Berg, 1994).
This period of time within southern Alaska was characterized by northward subduction of
the Kula plate. See text for additional discussion.
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50º rotation of western North America (Figure 1.3; Byrne, 1979; Engebretson et al.,
1985; Plafker et al., 1989; Csejtey, 1990; Plafker et al., 1994), anomalous heat flow
within the forearc leading to high-temperature/low-pressure metamorphism, and near
trench anatectic plutonism (Sisson and Hollister, 1988; Dusel-Bacon et al., 1993; Sisson
and Pavlis, 1993; Pavlis and Sisson, 1995; Bradley et al., 2003).

At ~30 Ma, the

structural reorganization of the subduction zone culminated in a eastward jump in the
oblique transform boundary between North America and the Pacific plate, forming the
proto-Yakutat terrane from the Cretaceous accretionary prism to the east of the
Dangerous River Zone (DRZ) and near-trench Paleogene mafic intrusive basement rocks
to the west of the DRZ (Bruns, 1983; Plafker et al., 1994; Chapman et al., 2008).
Following the excising of the Yakutat terrane from North America, it was translated
northward along the Queen Charlotte-Fairweather transform fault system and ultimately
accreted to southern Alaska. The basement of the Yakutat terrane was covered with a
sequence of Paleogene marine to fluvial sediments shed from the western margin of
southern Alaska and British Columbia. The lower sedimentary units, the Kulthieth and
Poul Creek Formations, are overlain by the synorogenic Miocene to Pleistocene fluvial,
glacial, and glacial-marine Yakutaga Formation formed in response to the uplift of the St.
Elias Range (Eyles et al., 1991; Plafker et al., 1994; Jaeger et al., 1998; Gulick et al.,
2007). The Yakutaga rocks are currently uplifting and deforming within the offshore fold
and thrust belt of the St. Elias orogen.
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Figure 1.3. Mid-Eocene geologic map of southern Alaska.
Figure 1.3. Mid Eocene geologic map of southern Alaska. Tectonic history of southern
Alaska during the Paleocene to Mid Eocene (After Plafker and Berg, 1994). This period
of time was characterized by the counterclockwise rotation and structural reorganization
of southern Alaska. See text for additional discussion.
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The basement of the Yakutat terrane has been accreting to and subducting at a
relatively shallow angle beneath the North American plate at the eastern syntaxis of the
Aleutian subduction zone over the last ~10 Ma (Figure 1.4; Bruns, 1985; Fuis and
Plafker, 1991; Plafker et al., 1994; Pavlis et al., 2004; Fuis et al., 2008). This subduction
and collision event is driving fast uplift within southern Alaska (Sheaf et al., 2003;
Berger et al., 2008a; Berger et al., 2008b; Enkelmann et al., 2009), creating the largest
coastal mountains on Earth, the St. Elias Range, and further uplift within the Alaska
Range.

The St. Elias orogen has formed at the transition from transform motion

associated with the dextral Fairweather fault to fold and thrust compression associated
with subduction and terrane accretion (Chapman et al., 2008; ).

Due to the high

topography and proximity to a large source of moisture associated with the maritime
climate, the St.Elias Range experiences high precipitation, mostly snow that is later
incorporated into the abundant glaciers (e.g. Péwé, 1975). The abundant, warm based
glaciers provide a large erosive flux of sediment into the Gulf of Alaska. This flux of
mass from the orogen into the offshore basins has been suggested to drive the tectonic
signature of the orogen (e.g. Hallet et al., 1996; Meigs and Sauber, 2000; Berger et al.,
2008a; Berger et al., 2008b).

9

Figure 1.4. Present geologic map of southern Alaska.
Figure 1.4. Present geologic map of southern Alaska. Current tectonics of southern
Alaska (After Plafker and Berg, 1994; Pavlis et al., 2004; Bruhn and Haeussler, 2004).
This period of time was characterized by the counterclockwise rotation and structural
reorganization of southern Alaska. Note the outline of the present day Alaskan coastline
for spatial reference. See text for additional discussion.
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1.4 Theoretical Background
The theoretical basis of this study is based upon the relatively simple physical
principles and assumption that plate motion derived from mantle kinematics drives the
deformation within the overriding crust (Figure 1.5). The kinematics and deformation of
a subduction zone are controlled by the gravitational body force and shear coupling
between the thermo-gravitationally induced mantle flow and the overriding and
subducting plates (Conrad and Lithgow-Bertelloni, 2002; Funiciello et al., 2003; Conrad
et al., 2004; Billen, 2008). The gravitational body force is a function of the integrated
density of the lithosphere, and is strongly dependent upon the thickness and temperature
of the crustal component.

Thick or relatively hot crust is associated with higher

buoyancy, resulting in flat-slab subduction.

Shear coupling is dependent upon the

viscous or frictional properties of the interfaces between the interacting plates, which is a
function of temperature and material properties, and acts to transfer strain between the
down-going mantle and over-riding plates.
Flow within the mantle exerts a viscous shear upon the base of the oceanic
lithosphere that drives both the subducting and overriding plate toward the subduction
zone from outside of the deforming zone (Conrad and Lithgow-Bertelloni, 2002). The
viscous shear at the base of the oceanic lithosphere should be proportional to the strain
transferred across the megathrust to the overriding plate. This transfer of viscous strain
derived from the mantle flow through the down-going slab and across a frictional shear
coupled interface, seismogenic megathrust, deforms the overriding plate.

11

Figure 1.5. Schematic cross section of a subduction zone.
Figure 1.5. Schematic cross section of a subduction zone. This 2D cartoon schematic
drawing shows the subduction of oceanic lithosphere (green) below continental
lithosphere (brown). The seismogenic portion of the interface between the two, the
megathrust, is shown in red. See text for additional discussion.
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The megathrust seismic zone is the expression of coupling between the
subducting and overriding plates. The extent and relative strength of this seismically
coupled zone are functions of the thermal structure, composition, metamorphic fluid
production, and subducted sediment abundance (Peacock and Wang, 1999; Rossi et al.,
2006; Reyners and Eberhart-Phillips, 2009). The seismogenic zone is controlled at the
up-dip limit by the high temperature stability range of clays and at the down-dip limit by
metasomatic production of talc within the slab-mantle interface (Peacock and Hyndman,
1999). A well-coupled interface transfers more strain to the overriding plate resulting in
a narrow, high relief zone of deformation. Conversely, weak coupling favors wide, low
relief zones of deformation. The relative strength of the coupling, and therefore the
transfer of strain, can be directly related to the slab dip, where the strength is a function
of temperature.
Transfer of strain across the plate interface causes deformation within the crust
and is a function of the basal strength of the interface. The deformation within the crust
has been described using the critical wedge theory relying on a balance between
horizontal normal forces and the basal shear of the deforming material (Davis et al.,
1983; Dahlen, 1984; Koons, 1994; Koons, 1995);
,

1.1

where σxx is the horizontal normal stress applied over the depth of the wedge (z) and τxz
is the basal shear stress along the length of the wedge (x; Figure 1.6). Changes to either
the strength or width of the frictional interface between the down-going and over-riding
plates results in a change in the integrated basal shear stress, and if the wedge is to remain
13

critical, also the normal stress.

This study departs from the critical wedge theory

treatment in it is not bound to the requirement that the wedge be always and everywhere
at failure, does not assume spatial and temporal homogeneity, and uses a three
dimensional geometry.

1.5 General Geological Implications
Flat subduction and/or accretion of exotic terranes have important implications for
the overall deformation patterns of the overriding plate where the relationship between
the dynamic evolution of material properties and tectonics becomes evident (Uyeda and
Kanamori, 1979; Jarrard, 1986; Isacks, 1988; Gutscher et al., 2000a). The offset of the
mantle wedge flow and vertical advection of cold oceanic lithosphere conspire to cool
and strengthen the forearc region (Munoz, 2005; Abers et al., 2006) driving a spatial and
temporal structural reorganization of the resultant orogen (Chapters 3 and 4; Koons et al.,
2009). Tectonic refrigeration of the megathrust zone causes broader areas of material to
behave in brittle fashion, allowing for larger accumulation of strain resulting in some of
the largest recorded earthquakes (e.g. Plafker, 1965; Estabrook et al, 1992; Carver and
Plafker, 2008; Plafker and Thatcher, 2008). Within southern Alaska, the thickened crust
of an oceanic plateau increases the buoyancy of the Yakutat terrane causing the angle of
subduction to shallow (e.g Ferris et al., 2003; Fuis et al., 2008; Eberhart-Phillips et al.,
2006). This shallowing offsets the relatively hot mantle wedge flow, develops a wider
seismogenic zone, and creates a relatively cool lower crust related to downward vertical
advection of relatively cold oceanic lithosphere (Munoz, 2005; Eberhart-Philips et al.,
14

2006; Abers et al., 2006; Rossi et al., 2006). The perturbations to both the rheological
and thermal structure are characteristic of flat slab subduction culminating in terrane
accretion and tectonic reorganization (e.g. Royden, 1996; Liu and Yang, 2003; Hall et al.,
1998; Murphy et al., 1999; Koons et al., 2009).
One of the more important nonlinear feedback mechanisms in geosciences is the
interaction between climate and tectonics (Willett, 1992; Zeitler et al., 2001; Koons et al.,
2002; Naylor et al., 2005; Enkelmann et al., 2009; Hooks et al., in review). Orographic
lift causes relatively high precipitation rates on the windward side of large mountain
belts, driving regional asymmetric erosion patterns and locally focused fluvial and glacial
erosion (Meigs et al., 2008).

Focused erosion influences the evolution of local

deformation patterns and development of focused slip partitioning during orogenesis.
Thinning of the upper crust due to focused erosion perturbs the material flow paths
through the lithosphere and drives a thermal weakening feedback that ultimately results
in localization of fast exhumation and high strain rates (e.g. Beaumont et al., 1996; Batt
and Braun, 1999). This was recognized in the eastern and western syntaxes of the
Himalaya (Zeitler et al., 2001; Koons et al, 2002; Beaumont et al., 2004) where the
coupled erosion-uplift feedback within the plate corners was termed 'tectonic aneurysm'
behavior. The aneurysm behavior has some important petrologic implications; vertical
advection causes a zone of high heat flow that drives local high temperature, low pressure
metamorphism and crustal anatexis. Southern Alaska records the early stages of the
development of this behavior, as evidenced by relatively fast uplift rates observed within
the Seward Glacier region (Chapter 5; Barker, 2007; Enkelmann et al., 2009). A model
of the evolution of plate corners can be developed through a combination of the modeling
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of the early stages of aneurysm behavior from this work with the well-developed, mature
aneurysm of the syntaxes of the Himalaya.

1.6 Introduction to the Project
The initial step of this project investigates the influence of the thermal structure of
the lithosphere on the overall deformation patterns in the overriding plate and is framed
within respect to the interpreted flat slab subduction zone of southern Alaska (Chapter 3).
Vertical thermal advection alters the strength of the crust and facilitates a spatial and
temporal reorganization of the large-scale deformation patterns by creating evolving
zones of strong, frictional material associated with the down-dip extent of the
seismogenic megathrust.

This chapter also explores the petrologic and neotectonic

implications of flat slab subduction and terrane accretion. That initial thermal structure
and resulting perturbations to the rheological structure are then utilized to develop a fully
coupled thermo-mechanical model for the large scale (Chapter 4) and regional-scale
(Chapter 5) geomorphic and structural evolution of the St. Elias orogen.

The

development the thermal and mechanical heterogeneities provide a first order control of
the evolution of the model orogen.

These models reproduce the strain patterns,

thermochronological record, and geological landscape remarkably well.

Finally, the

implications of the often overlooked thermal and mechanical perturbations are used to
develop a qualitative model of the evolution of characteristic signal of collisional orogens
(Chapter 6).
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Chapter 2 : Numerical Methods

This study presents a series of fully coupled thermo-mechanical numerical models
that utilize simple boundary conditions to solve for simple stress–strain relationships, and
heat transfer (input files are included as Appendix A and In Pocket). The thermal
structure is used to define the rheological behavior of the model dynamically during the
model run period leading to more complete and realistic material behavior. These models
are developed to investigate the role of thermal and mechanical heterogeneities in the
development of the characteristic signals of deformation within an accretionary orogen,
such as southern Alaska. The theoretical aspects presented in Chapter 1.4 are further
expanded here within the framework of the numerical models.

2.1 Introduction
This study uses a 3D model geometry based upon observed natural geometry of
southern Alaska (Figure 2.1; Pavlis et al., 2004; Eberhart-Philips et al., 2006; Fuis et al.,
2008) on a large- (macroscale; 1000 km) and embedded small-scale (mesoscale; 100km). The macroscale model encompasses a large portion of southern Alaska with a
volume of 1600 km (X-axis) by 1200 km (Y-axis) by 50 km (Z-axis) and discretization of
40 km horizontal and 5 km vertical (Figure 2.2). This geometry consists of two separate
blocks, a wedge shaped "Pacific" and "North America" block that are separated by a
frictional interface (discussed further below). The embedded mesoscale model
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Figure 2.1. Spatial location of numerical models.
Figure 2.1. Spatial location of numerical models. The white box outlines the location of
the macroscale geometry and the red box outlines the location of the mesoscale model.
The dashed white line shows the approximate location of the 2D geometry. Yellow
shaded area depicts the location of the exposed Yakutat terrane and the gray shaded area
depicts the extent of the subducted Yakutat terrane over the last ~30 Ma (after EberhartPhillips et al., 2006). Additional details are described in Figure 1.1 and Chapter 1.3.
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Figure 2.2. Macroscale model geometry.
Figure 2.2. Macroscale model geometry. The North American block is shaded in blue
and Pacific block is shaded in red. The yellow dashed line projected onto the surface
indicates the approximate location of the Alaskan coastline. Cross sections A-A' and BB' show the initial Vz and Vy conditions.
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Figure 2.3. Mesoscale model geometry.
Figure 2.3. Mesoscale model geometry. This plot shows the topographic boundary
conditions with a vertical exaggeration. The white arrows indicate the initial vectors
applied to the model base over the area south of the white line (limit of the YakutatPacific block. See Figure 2.1 for explanation of abbreviations.
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encompasses the area of the St. Elias Range (640km x 890km x 20km) and discretized on
an approximately 5 km by 5 km horizontal and 2 km vertical grid (Figure 2.3). An
additional 2D geometry consists of a northeast-southwest (X-Z) cross-section of the
macroscale model (Figure 2.4; 1600 km (X-axis) by 50 km (Z-axis)) and is consistent
with the geometry of the macroscale model. The general geometries used for this study
have been standardized to allow for direct scaling and extrapolation of the results to other
accretionary orogens.
Initial kinematics of the macroscale models are based upon realistic scaled values
of measured relative plate velocities and assigned to the Pacific block (Figure 2.2;
DeMets et al, 1994; Fletcher and Freymueller, 1999; DeMets et al., 1999).

Initial

velocity conditions within the mesoscale models are imposed on the base of the model
over an area corresponding to the spatial extent of the Yakutat terrane consistent with the
plate motions and macroscale models (Figure 2.3). All deformation within the models is
driven by the initiated tectonic boundary conditions spatially defined by geological
observations.
Two-dimensional models were developed using a commercial modeling
environment (Comsol Multiphysics™) that solves the Fourier partial differential equation
using simple boundary conditions on a triangular discretization of the user defined
geometry (Comsol, 2006). Three-dimensional numerical models were completed using
commercial explicit finite difference software (Fast Lagrangian Active Continuum;
FLAC3D) that simulates the mechanical behavior of materials undergoing deformation at
large strains (e.g. Cundall and Board, 1988; Koons et al., 2002; Upton et al., 2003;
Johnson et al., 2004) by transforming the model continuum into discrete nodes. FLAC3D
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Figure 2.4. 2D Macroscale model geometry.
Figure 2.4. 2D Macroscale model geometry. Geometry of the 2D thermal model is
defined similar to the Macroscale models, with an upper and lower crust and Pacific
block. The Pacific block is given initial velocity conditions to facilitate thermal
advection.
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utilizes finite differences to approximate first-order space and time derivatives at the
nodes within the three-dimensional mesh. To avoid errant mechanical responses, a mixed
discretization meshing technique is utilized where coarser zones are superposed onto a
finer tetrahedral discretization. This meshing system allows for deformation without
volume change of individual tetrahedra, which would otherwise result in an over-stiff
response (Itasca, 2006).
Our modeling path first develops a Reference model to which later model
iterations are compared.

The macroscale Reference model was developed with

mechanics decoupled from the thermal structure. Further models have fully coupled
thermal and mechanical solutions, as well as the application of an regional erosion model
(e.g. Hallet et al., 1996; Meigs and Sauber, 2000) to demonstrate the large-scale evolution
of southern Alaska and the role of temperature, development of rheological
heterogeneities, and erosion. The mesoscale reference Tectonic model was developed
without imposed surface boundary conditions. The mesoscale models then successively
vary the material properties, apply natural topography derived from a global 1-minute
DEM sampled at the model discretization (Smith and Sandwell, 1997), and apply a local
erosion scheme to demonstrate the evolution of the deformation patterns and the relative
importance of preexisting topography and climatic forcing.

2.2 Thermal Solutions
The initial stage of this project developed the thermal structure for the model
geometry using an isotropic conduction thermal constitutive model, which in later steps
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forms the basis for assignment of mechanical constitutive models. The thermal structure
is developed by solving for the transient conductive-advective Fourier equation over the
2D and 3D model geometries at the discretization described above:
,

2.1

where k is the thermal conductivity (Wm-1C-1), ρ is the density (kgm-3), Cv is the heat
capacity (Jkg-1C-1),

is the kinematic velocity field (ms-1), and A is the radiogenic heat

source (µWm-3). The thermal model utilizes assigned initial velocities (2D initial thermal
structure models) or velocities derived from the mechanical solutions (3D fully coupled
thermo-mechanical models) to approximate thermal advection.
For all model geometries (both 2D and 3D), the surface temperature is maintained
at 0 ºC based upon abundant glacial ice, permafrost, and snow field cover within the
study area (Péwé, 1975), and fixed basal temperature of 780 ºC (50 km) over the North
America block, suggestive of previous heating following spreading ridge subduction
during the Eocene (e.g. Pavlis and Sisson, 2003 and references therein). This heating
event is well within the characteristic time for the decay of a thermal perturbation (~80
Ma) for a 50-km thick crust. The lateral boundaries of the North American block are noflow boundaries, except the advective boundaries associated with the Pacific block.
The models are assigned constant values for heat capacity (Cv; 103 J/kgºC) and
density (ρ; 2700 kgm-3; Table 2.1). The North American block is further defined as two
units: the upper 35 km of the model are assumed to be felsic composition and assigned a
thermal conductivity (k; 2.6 Wm-1C-1) and radiogenic source term (A; 0.37 µWm-3)
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Table 2.1. Material Properties.
Table 2.2. Material Properties. Material properties and constants assigned to the
thermo-mechanical numerical models. Values of E, n, and A for diabase flow law after
Mackwell et al (1998).
Constants
Density
Gas constant
Mohr-Coulomb Model
Bulk modulus
Shear modulus
Angle of friction
Cohesion

R

2700
8.31e-3

kgm-3
JK-1mol-1

K
G
φ
C

105
104.5
30 to 35
44 to100

MPa
MPa
degrees
MPa

Strain Softening Mohr-Coulomb Model
Strain threshold
ε
3
Angle of friction
φ'
15
Cohesion
C'
0.1

percent
degrees
MPa

Elastic Model
Bulk modulus
Shear modulus

MPa
MPa

K
G

105
104.5

Temperature-dependent Diabase Flow Law
Activation Energy
E
260
-1
Stress Exponent
n
0.2941
A
2e-4

Jmol-1
Pa-1s-1

Isotropic Thermal Model
Specific heat
Conductivity
Volumetric source

Cv
ku
kl
A

Jkg-1C-1
Wm-1C-1 (upper 35 km)
Wm-1C-1 (lower 15 km)
µWm-3 (upper 35 km)

1000
2.6
1.0
0.37
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consistent with a granitic composition (Turcotte and Schubert, 2002). The lower 15 km
(35 km < z < 50 km), assumed to be mafic composition, are assigned a thermal
conductivity (1.0 Wm-1C-1) consistent with basaltic compositions and no radiogenic
source term. The assumption of a mafic lower crust is consistent with under-plating by
the mafic oceanic plateau material of the Yakutat terrane (Plafker et al., 1994; Pavlis et
al., 2004; Eberhart-Phillips et al., 2006; Fuis et al., 2008).

2.3 Mechanical Solutions
For the mechanical solutions, the indenting Pacific block is chosen to be an elastic
material. The isotropic elastic model is the simplest representation of material behavior
and is valid for a homogeneous, isotropic, continuous material that exhibits a linear
stress-strain relationship. The Pacific block was used to apply the kinematic boundary
condition and this study was not concerned with its internal deformation, therefore an
elastic model was a valid choice. The isotropic elastic model stress increments are
generated from strain increments according to the linear Hooke’s Law:
,

2.2

Where E is Young's modulus (MPa) related to the bulk (K ) and shear (G) moduli by
,
and,
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2.3

,

in which ν is the Poisson's ratio.

2.4

The shear and bulk moduli are assigned to the

numerical model at values characteristic of crustal rock (Table 2.1). The mechanical
solution utilizes K, G, and E during elastic deformation where all strain is recoverable. If
the stress state within the model dictates failure, deformation is permanent and is
calculated using the following Mohr-Coulomb or power law mechanical models. For the
numerical modeling presented here, only the Pacific block is defined as an elastic
material.
The rheological constitutive relationship for the North American block is
dynamically assigned based upon the resultant steady state advective-conductive thermal
structure of the model, except for the macroscale Reference model. The mechanical
behavior is linked to temperature by assuming the transition from frictional to plastic
behavior occurs at a transient temperature and strain rate in a manner constrained by
experimental analysis (Brace and Kohlstedt, 1980; Kohlstedt et al., 1995; Mackwell et
al., 1998; Wijn et al., 2005), in our case the approximate onset of crystal plasticity in
quartz at ~350 ºC (Hirth and Tullis, 1992; Gleason and Tullis, 1995).
The upper crust (<15 km or temperatures
≤350 ºC) is assigned

a pressure-

dependent Mohr-Coulomb constitutive model. The standard associated plasticity of the
Mohr-Coulomb behavior (macroscale Mohr-Coulomb models) is also altered in
subsequent models by allowing the model to weaken with accumulation of strain
(macroscale Strain-Softening models), simulating the formation of faults and shear zones
by the non-associated strain-dependent material weakening (e.g. Vermeer and de Borst,
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1984; Hobbs et al., 1990; Buck and Poliakov, 1998; Montesi and Zuber, 2002). The
shear yield function for the Mohr-Coulomb model is given by:
,

2.5

Where f s is the shear failure criterion, C is cohesion (MPa), and N is given by:
,

2.6

where φ is the internal angle of friction. The Mohr-Coulomb models had assigned values
(Table 2.1) for φ (30 to 35º), cohesion (C; 44 to 100 MPa), shear modulus (G; 104.5 MPa),
and bulk modulus (K; 105 MPa) consistent with a broad range of geological materials.
The Strain-Softening models have assigned values of φ (15º) and C (0.1 MPa) dependent
upon a hardening/softening criterion based on the second invariant of the plastic shearstrain increment tensor (0.03 to 0.05) consistent with faulted rock (Buck and Poliakov,
1998; Montesi and Zuber, 2002; Nagel and Buck, 2004).
The lower portion of the macroscale North American block, with temperatures
greater than 350 ºC, was assigned a plastic yield behavior based upon the von Mises
constitutive model. The shear yield function is given by:
,

2.7

where τ is tangential stress, kφ is a material property related to strength in shear (MPa).
The numerical model derives values for kφ through the experimentally derived flow law:

.
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2.8

The values for A, E, and n are material constants based upon published experimental data
for diabase (Table 2.1; Mackwell et al., 1998), and R is the universal gas constant. The
temperature (K) is taken from the model thermal and mechanical solutions, respectively.

2.4 Model Megathrust
Previous 2D continuum numerical models developed to study the transfer of
stress across a megathrust used 10-km thick slip layers that included thermally-dependent
rheologies based upon the age (and therefore temperature) of the oceanic lithosphere
(Wdowinski, 1992; Yanez and Cembrano, 2003). These studies found that the largescale, first-order deformation patterns are dependent upon the viscosity and/or
convergence rates, and suggest a "strength" for the slip layer of 30-90 MPa (equivalent to
k ; Yanez and Cembrano, 2003). This method assigned a constant viscosity to the slip
layer and therefore did not reproduce the variation of strength of the megathrust with slab
angle, depth, and temperature, as evidenced by seismicity patterns (Peacock and Wang,
1999; Gutscher et al., 2000a; Gutscher and Peacock, 2003).
This study departs slightly from the continuum mechanics approach by defining a
frictional interface separating the North America and Pacific blocks. This interface
separates the two blocks and represents a plane on which sliding can occur. This sliding
is characterized by Coulomb sliding criteria that relies on the angle of friction (φ=20º)
and normal and shear stiffness (each 700 MPam-1) of the interface. The interface allows
for shear yield under the control of these material properties, which are assigned based
upon properties of geological faults (e.g Buck and Poliakov, 1998; Nagel and Buck,
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2004; Giger et al., 2008). The use of an interface allows for realistic transfer of strain
from the Pacific to North American block similar to the expected transfer of strain across
the Alaskan megathrust.

2.5 Sensitivity Analysis and Limitations
Observations from seismic analysis and geodetic studies have been employed to
develop the model geometry, boundary kinematics, and an initial thermal state of the
plate boundary (Pavlis et al., 2004; Eberhart-Philips et al., 2006; Abers et al., 2006; Fuis
et al., 2008). The thermal structure of the model, and consequently the rheological
structure, are strongly influenced by the plate boundary geometry and previous geological
history (e.g. Byrne, 1979; Bradley et al., 2003). The advective thermal pattern developed
in the initial thermal model is characteristic of long-standing subduction zones and agrees
well with previous 2D numerical studies (e.g. Gutscher and Peacock, 2003). Additional
verification and validation of mechanical and thermal solutions was completed utilizing a
series of sensitivity analysis models (see Appendix B).
The sensitivity analysis models tested the influence of each mechanical and
thermal variable by independently testing them across a broad range of values that
encompassing geologically reasonable estimates. Values of φ, C, G, and K were varied
for the pressure-dependent upper crustal Mohr-Coulomb rheology (see equations 2.1,
2.5, and 2.6). The model results were generally unaffected by changes to G and K, as the
deformation was not recoverable. Resultant orogen shape (magnitude of width and
vertical uplift) were sensitive to variation of φ and C, however, the location of the
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orogens was consistent. Values of kφ are varied independently from the thermal structure
(uncoupled models) by calculating a strength profile using the flow law (Equation 2.8)
given static geothermal gradients of 12.5, 15.5, and 19.5 Cm-1. The 'normal' strength
profile (0.8 < kφ < 1000 MPa; given a geothermal gradient of 15.5 Cm-1) produces an
uplift pattern consisting of a developing orogen associated with the down-dip limit of the
Pacific block. This pattern is consistent for the slightly stronger and weaker lower crust
trials (0.5 < kφ 1500 MPa). Trials with very weak lower crust (kφ < 0.5 MPa) did not
converge due to grid failure, suggesting a lower limit to the strength of the crust. Trails
with very strong lower crust (kφ > 1000 MPa) produced a broad area of uplift.
Sensitivity to the thermal parameters was completed on the 2D thermal models.
These trials varied the values of k and A within the range of accepted values (Turcotte
and Schubert, 2002; Fowler, 2005). Additionally, boundary condition effects were also
tested by including a heat flux condition at base of the crust instead of a fixed
temperature. Varying the value of k causes the thermal perturbation of the down-going
slab to propagate much slower (lower k) or faster (higher k). The values of thermal
conductivity used for this study are approximate averages of published values for the
appropriate rock types (Fowler, 2005). Increasing the internal heat generation, A, and/or
basal heat flux will increase the thermal gradient of the crust.
Heating due to mechanical work along faults and shear zones has been suggested
as holding important implications to the thermal structure, and therefore strength of the
lithosphere (Hirose and Bystricky, 2007; Burg and Schmolhotz, 2008; Hartz and
Podladchikov, 2008; Regenauer-Lieb et al., 2008).
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Hartz and Podladchikov (2008)

suggest that shear heating can cause an order of magnitude decrease in the strength of the
lower crust. Trials were completed with inclusion of mechanical heating (Am) utilizing:
2.9
where τxz is the shear stress along the interface (MPa), v is the velocity (ms-1), and w is
the width of the fault zone (m; Ponko and Peacock, 1995). The sensitivity analysis
models include a mechanical heat source term that varies in thickness (1 to 20 km) and
magnitude (10-6 to 10-5 Wm-3) associated with the megathrust. At the values used, the
inclusion of a mechanical source term had little effect on the thermal structure.
Geometric controls were tested by varying the Pacific block shape by changing
the dip of the megathrust. These models indicate that the dip of the slab provides an
important control on the location of the resulting orogen, with a relatively steeply dipping
slab (~45º) producing a narrow, near trench (<200 km from the trench) orogen. The
model used a relatively flat slab subduction consistent with the observed geometry of
southern Alaska (Eberhart-Phillips et al., 2006; Fuis et al., 2008).

Additionally,

preexisting weaknesses in the forms of interfaces acting as large terrane bounding faults
(e.g. Denali, Boarder Ranges, and/or Chugach-St. Elias Faults) were also tested. These
interfaces effectively partition strain onto localized slip planes and can drastically change
the deformation patterns. However, they were not included within the models presented
herein as they provide artificial control to the deformation patterns, over define the
continuum model, do not allow thermal diffusion across the interface surfaces, and make
the numerical solutions less stable.
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Finally, the role of kinematics was tested by varying the angle and magnitude of
the initial vectors. Changes to the angle of convergence altered the location of maximum
deformation, with respect to the direction of maximum convergence.

Altering the

magnitude of convergence caused higher strain rates and faster uplift. The kinematics
used for the results presented in Chapters 3, 4, and 5 are based upon accepted plate
vectors for the Pacific plate and Yakutat terrane (DeMets et al., 1994; Fletcher and
Freymueller, 1999; DeMets and Dixon, 1999).
The model technique that was used for this study precludes long-term (>2 Ma)
model runs due to the failure of the Lagrangian grid. Additionally, by focusing on the
deformation within the crust, the full lithosphere-asthenosphere system is not examined.
Static compositional estimates and the evolving thermal structure of the lithosphere are
utilized to define the mechanical behavior of the model.

The subduction-driven

advective perturbation the model thermal structure results in a complex spatial
distribution of mineral stabilities and therefore rheological heterogeneities (e.g. Royden,
1996; Ellis et al., 1998; Liu and Yang, 2003; Hacker et al., 2003b). The rheological
models utilized in this study inadequately describe the petrologically-induced rheological
variations. Finally, due to overestimates in porosity, FLAC3D has a lower limit of 10%
porosity, the models do not include a fluid phase.
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Chapter 3 : The Influence of Thermal Perturbations on the Characteristic
Signal of Terrane Accretion

3.1 Introduction
The general deformation patterns associated with terrane accretion have been
partially captured within the mechanical force balance framework of critical wedges (e.g.
Chappel, 1978; Davis et al., 1983; Koons 1990; Willett et al., 1992; Whipple, 2009).
Intrinsic to the force balance description has been the assumption of lateral homogeneity.
This physically unrealistic assumption has been overcome in some investigations through
employment of numerical solutions to investigate the influence of laterally varying
material properties (e.g. material weakening related to strain, thermal, or fluid
perturbations; Upton et al., 2003; Groome et al., 2006; Upton et al., 2009) but the
assumptions of lateral material homogeneity have often been retained because of the lack
of general predictability about the properties of local material caught up within an
accretion zone. Here we argue that one major source of material heterogeneity during
accretion is omnipresent due to thermal-mechanical non-linear positive feedbacks and
that these feedbacks impose a characteristic shape on accretionary orogens.
The interaction of tectonic driving forces and variations of the rheological
structure of the lithosphere influence strain localization and deformation patterns (Liu
and Yang, 2003; Royden, 1996; Ellis et al., 1998). A hot, relatively weak lower crust
favors the formation of large plateau where most of the strain is localized into large,
crustal scale faults (i.e. Tibet and the central Andes; Babeyko and Sobolev, 2005;
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Beaumont et al, 2001; Beaumont et al, 2004, Gerbault et al, 2005). Conversely a cold,
relatively strong lower crust decouples from mantle and forms a narrow thin-skinned
fold-and-thrust belt (i.e. Southern Alps; Ellis et al., 2004). The deformation patterns of
an evolving convergent orogen are therefore strongly influenced by advective
perturbation of the thermal structure by under-thrusting of relatively cold lithosphere.
In addition to the thermal dependence of the rheology of the crust, the transfer of
strain from the down-going to over-riding plate is controlled by strength of interface,
which is also sensitive to temperature, sediment flux, and fluid production (Wdowinski,
1992; Reyners and Eberhart-Phillips, 2009). This transfer of strain to the overriding plate
has long been recognized as the mechanism driving deformation within subduction zones.
Vertical thermal advection of cold material, herein referred to as tectonic refrigeration,
resulting from shallow angle subduction of the relatively thick or young oceanic plate
causes the offset of the hot mantle wedge flow, development of a relatively wide
seismogenic zone, and creation of a cool lower crust within the fore-arc (Gutscher and
Peacock, 2003; Eberhart-Phillips et al., 2006; Rossi et al., 2006). The variation in
strength of the megathrust is a function of sediment flux, slab angle, depth, and
temperature, as evidenced by seismicity patterns (Peacock and Wang, 1999; Gutscher et
al., 2000a; Gutscher and Peacock, 2003). In southern Alaska, thermal advection driven
by the subduction of a cold, thick oceanic plateau forms a broad seismogenic zone that is
responsible for some of the largest strain releases in recorded history (Johnson et al.,
1996; Shennan et al., 2009).
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Previous modeling of the thermal structure of subduction zones utilized twodimensional stationary heat transfer models that included advective transport, conduction,
mantle flow, and heat sources (Peacock and Wang, 1999; Hyndman et al., 1995; Hacker
et al, 2003b). These models indicate thermal advection provides an important control on
seismic activity of the megathrust through a series of metamorphic reactions (Hacker et
al, 2003a,b).
It was also noted that subduction zones can be differentiated based upon their
earthquake potential into seismic (e.g. Chile) and aseismic (e.g. Marianas) groups (Uyeda
and Kanamori, 1979). This differentiation was based upon the generation of back-arc
basin, which Uyeda and Kanamori (1979) suggested was due to stress generated due to
the coupled (Chile, no basins developed) or uncoupled (Marianas, basin developed)
nature of the contact zone between the two plates. The nature of this contact zone, the
megathrust, is that the transfer of tectonic force (i.e. derived from motion of the downgoing lithosphere) shears the overriding lithosphere (Wdowinski, 1992).
This study proposes that advective tectonic refrigeration caused by the flat-slab
subduction of a relatively cold crustal block causes an overall strengthening of the forearc that influences a temporal and spatial structural reorganization of the regional
tectonics.

The feedback between the vertical advection of cold lithosphere and

temperature-dependence of rheology creates a stronger fore-arc region taking the shape
of a sliver of frictional material along the surface of the dipping slab. This frictional
sliver, the model equivalent of the seismic megathrust, influencing the modeled spatial
reorganization of deformation patterns of the overriding crust by controlling the transfer
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of strain through shear coupling.

The increased cooling associated with flat slab

subduction results in a wider seismogenic zone and therefore broader zone of shear
coupling. The development of the relatively strong frictional sliver provides an important
control on the location and formation of diachronous secondary orogenic wedge,
demonstrating the importance of the thermal structure on strain partitioning and
indicating that the development of this local heterogeneity has profound effects on the
regional scale evolution.

3.2 Numerical Methods
This study uses both 2D thermal and 3D thermo-mechanical numerical models to
test the role of thermal perturbations in the development and evolution of deformation
patterns within an accretionary orogen.

The 2D thermal models use a commercial

modeling environment that solves the Fourier partial differential equations (Equation 2.1)
using simple boundary conditions (Comsol, 2006). The 3D models are completed using a
commercial finite element code that solves for simple stress–strain relationships, applied
forces or kinematic boundary conditions, and heat flow to simulate the mechanical and
thermal behavior of Earth materials (Cundall and Board, 1988; Koons, 1990). The
models employ a simple conductive thermal constitutive model coupled with the derived
kinematics of the associated plastic mechanical model to simulate a conductive-advective
thermal solution over the entire model geometry. The initial thermal solutions are then
used to assign a rheological structure to coupled thermo-mechanical models that
investigate the role of local thermal and mechanical heterogeneities in the development of
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the regional characteristic signal of an accretionary orogen. See Chapter 2 for additional
details of the numerical methods and model geometries.
The thermal models presented herein represent two end-members of thermal
perturbation with southern Alaska representing an intermediate stage. The 2D modeling
assumes the thermal structure evolves from initial conditions where no slab exists and
tracks the evolution of the thermal structure over 10 million years. The 3D models
assume an instantaneous emplacement of the shallow slab. Due to limitations of the
models, the transition from normal subduction to flat slab subduction is not captured,
however, the two end member cases provide constraints on the time frames.

3.3 Results and Discussion
3.3.1 Thermal Evolution
The subduction of the relatively cold incoming block alters the initial conductive
thermal solution by causing the isotherms to become inverted in the fore-arc region due
to advective tectonic refrigeration (e.g. Gutscher and Peacock, 2003). The extent of the
inversion of the thermal structure is partially controlled by the kinematic, as well as the
material properties (e.g. radiogenic heat source, thermal conductivity, etc) and geometry.
Long-standing subduction zones, such as that of southern Alaska (>30 Ma; Plafker et al.,
1994), should have well developed advective thermal signatures.

The mechanical

signature of tectonic refrigeration due to the subduction of a relatively cold plate is the
formation of a thin zone of cooler material forming along the surface of interface between
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the two plates. This sliver of material will be at temperatures where the dominant mode
of deformation is brittle fracturing and corresponds to the upper seismic zone (Gutscher
et al., 2000a; Gutscher and Peacock, 2003). The change in material behavior caused by
this perturbation of the thermal structure has profound influences on the pattern of
deformation expected and observed within subduction zones.
The 2D thermal and 3D fully coupled thermo-mechanical model models
reproduce the long term (10 Myr) and short term (500 ky) evolution of the thermal
structure associated with the subduction of oceanic lithosphere (Figures 3.1 and 3.2;
Animation 3.1). This model results in the inversion of the isothermal structure due to the
vertical motion of the model slab, the Pacific block, driving cooling of the lower crust
leading to inversion of the isotherms above the slab. The temporal evolution of this
thermal structure shows that the isotherms roll back away from the trench resulting in
overall cooling of the near trench, or forearc, region of the model. The constitutive
mechanical model and rheological properties are intimately linked to the thermal
structure through the temperature-dependent flow law (Equation 2.8). The inversion and
cooling of the material directly above the dipping Pacific block caused by of the
advective perturbation of the thermal structure develops the thin, cold, relatively strong
sliver that behaves as a frictional material (Figure 3.3). The lateral (Y-axis) variation in
the thermal structure causes an additional thermal gradient to form along the eastern
margin of the Pacific block, cooling and strengthening that portion of the lithosphere as
well. These frictional slivers has important implications to the mechanics and seismicity
within the evolving orogen.
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Figure 3.1. 2D thermal results.
Figure 3.1. 2D thermal results. Time series of cross section plots (north-south) of the
resulting thermal structure from the 2D thermal models (°C). The 350°C is highlighted
for reference. The dipping black line denotes the interface between North American and
Pacific blocks (See Figure 2.4). Vertical exaggeration - 2X.
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Figure 3.2. 3D thermal results.
Figure 3.2. 3D thermal results. Time series of cross section plots (north-south @ 600
km) of the resulting thermal structure from the 3D thermal models (ºC). Note the
advective signature due to convergence at X 300 to 400 km. Vertical exaggeration - 2X.
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Figure 3.3. Model Rheology
Figure 3.3. Model rheology. A) Initial thermal structure (see Figure 3.2) is based upon
the 3D thermal model. B) Reference and C) Fully-coupled model rheological structures.
Differential stress vs. depth plot shown demonstrates the approximate crustal strength
profile. Note the absence of the frictional sliver in the Reference model rheological
structure.
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3.3.2 Thermo-Mechanical Evolution
Coupling between the thermal and rheological structures of the lithosphere can be
seen within the observable, natural deformation patterns. The pattern of deformation
(Figures 1.1 and 2.1) formed in response to the ongoing terrane accretion in southern
Alaska consists of dual areas of uplift defined by the Alaska and St. Elias Ranges (Koons
et al., 2009). The fully coupled thermo-mechanical models produce similar deformation
patterns, including the formation of dual orogenic wedges. Material moves into the
deforming zone of the model from the south, forming the fore-arc Inlet Orogen. Material
exits the deforming zone near the northern limit of the down-going slab, forming the
Outlet Orogen.
The characteristic deformation patterns of accretionary tectonics are demonstrated
in the series of models developed using the simple conductive thermal structure, where
the mechanical constitutive models are not defined with respect to the thermal structure
(Reference model). The boundary conditions for these conductive solutions are the same
as those for the advective-conductive solution, only the development of advective
heterogeneities do not influence the development of rheological heterogeneities. The
boundary conditions of these models results in the formation of an orogenic wedge above
the leading edge of the down-going slab, the Outlet Orogen, with strain transferred across
the model by the lateral transform fault (Figure 3.4).
The advective mechanical strengthening the of fore-arc, discussed above, causes a
spatial reorganization of deformation patterns associated with subduction within the
Fully-coupled models (Figure 3.5). These deformation patterns are characterized by the
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Figure 3.4. Reference model mechanical results.

Figure 3.4. Reference model mechanical results. Time sequence (model time indicated at
left) cross sections (north-south @ 600 km) of vertical displacement (scale bar at right;
meters) and velocity vectors (see reference vector; myr-1). Location of the Outlet Orogen
is indicated (see Figure 2.1).
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Figure 3.5. Fully-coupled model mechanical results.
Figure 3.5. Fully-coupled model mechanical results. Time sequence (model time
indicated at left) cross sections (north-south @ 600 km) of vertical displacement (scale
bar at right; meters) and velocity vectors (see reference vector; myr-1). Locations of the
Inlet and Outlet Orogens are indicated (see Figure 2.1). Compare patterns with those in
Figure 3.4. Three paths (blue, black and red) are indicated on 500 ky time step are steady
state flow paths through the orogen.
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development of a second orogenic wedge, the Inlet Orogen, located spatially above the
down-dip limit of frictional sliver.

Both orogenic wedges are actively deforming,

however, the bulk of the strain is accommodated by the Inlet Orogen, suggesting the two
orogens are teleconnected spatially. The location, width, and magnitude of this Inlet
Orogen orogenic wedge are related to the basal strength and slab dip. Only the effects of
the thermal structure on the development of a dual orogenic wedge system will be
considered here, however, sediment flux and fluid pressures also play important roles
(Upton et al., 2003; Reyners and Eberhart-Phillips, 2009). The basal boundary condition
and slab dip have similar effects on the location and geometry of the dual orogenic wedge
system. The coupled thermal-mechanic model diverges from the simple mechanical
model due to the coupling between the down-going and overriding plates. This coupling
is a function of the transfer of strain, which can be directly linked to the mechanical
constitutive model. The pressure-dependent rheology allows for better coupling, which is
responsible for the development of the Inlet Orogen. The formation of two teleconnected
orogenic wedges is diagnostic of the influence of thermal and mechanical heterogeneities
on the characteristic signal of accretionary tectonics.

3.4 Petrology and Strain Transfer
Metamorphism within the down-going basaltic composition slab is dominated by
dehydration reactions (Figure 3.6; Bucher and Frey, 2002; Hacker et al., 2003b). These
reactions have important implications for magmatism and seismicity within the active
plate boundary. The following discussion will be framed in terms of comparing the
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Figure 3.6. P-T Facies Diagram.
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evolution of the down-going slab of consolidated mafic crust (Bucher and Frey, 2002;
Hacker et al., 2003b) with modest water content (5-6 wt %; Schmidt and Poli, 1998;
Hacker et al., 2003b) over three distinct particle paths; an average P/average T path
(average path; Figure 3.6 path A) characteristic of an average subduction angle of 45º
(Costa Rica; Protti et al, 1995), a low P/high T path (low pressure path; Figure 3.6 path
B) characteristic of flat slab subduction (Cascades; Hyndman and Wang, 1993) or
collisional tectonics (southern Alaska), and a high P/low T path (high pressure path;
Figure 3.6 Path C; NE Japan; Igarashi et al., 2001). Results from the numerical models
will be discussed in terms of the petrologic evolution of the crust and implications for
strain accumulation and seismicity of the megathrust.
The initial, relatively low pressure path reactions involve the breakdown of prehnite- or
pumpellyite-bearing subgreenschist facies rocks, which are stable under 300±30 ºC and
600 MPa, to form greenschist facies rocks. These reactions produce the first appearance
of the characteristic assemblage of actinolite + epidote + chlorite + albite ± quartz, at the
expense of prehnite at low pressures (<400 MPa; Path B) and pumpellyite at higher
pressures (>400 MPa; Path A). This transition from subgreenschist to greenschist facies
releases a modest amount of fluid (~2 wt. %).
In the high pressure path (Figure 3.6 path C), subgreenschist facies may transition
directly to glaucophane ± lawsonite ± chlorite-bearing blueschist facies rocks, which is
essentially a fluid conserving reaction (Schmidt and Poli, 1998; Hacker et al., 2003).
This transition involves the breakdown of the low grade chlorite + albite + actinolite
assemblage in favor of the relatively high-grade glaucophane + paragonite + epidote
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assemblage. Remaining albite (if albite is more abundant than chlorite) will be converted
to jadeite + quartz with the transition to the blueschist facies, however, albite is usually
completely destroyed by the earlier reactions. The blueschist facies transitions at higher
temperature (400-550 ºC) and pressures (> 1.6 GPa) to eclogite facies as the assemblage
glaucophane + paragonite is replaced by omphacite + garnet. This reaction releases most
of the remaining fluid within the rocks. Hydrous phases lawsonite and paragonite are
progressively dehydrated and removed in the transition to eclogite facies and formation
of the eclogite kyanite + jadeite assemblage, respectively.
The low pressure and average paths can both transition directly from greenschist
to amphibolite facies conditions. This transition involves the progressive replacement of
actinolite + epidote + chlorite producing an assemblage of alkali- and Al-rich amphibole
+ anorthite ± garnet ± epidote or chlorite (depending upon relative abundances), and a
substantial release of fluids from initial concentrations of ~7 wt. % in the subgreenschist
facies to 2-3 wt. % in the amphibolite facies (Hacker et al., 2003b). The average path
may also record the transition from greenschist to epidote-bearing blueschist grade rocks.
The blueschist rocks may contain up to approximately 2 weight percent more water than
their lower pressure amphibolite equivalents (e.g. Hacker et al., 2003b). The next major
reaction to occur within the slab are those that consist of the transition from blueschist or
amphibolite to amphibole-bearing eclogite (Figure 3.6; Hacker et al., 2003b).
Linkages between seismicity patterns and metamorphism are well established
(Peacock and Hyndman, 1999; Oleskevich et al., 1999; Gutscher and Peacock, 2003;
Hacker et al., 2003b).

Previous studies have utilized projected P-T paths and the
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metamorphism of the down-going plate to explain the pattern of seismic hazard (Gutscher
and Peacock, 2003). Our results are compatible and complimentary to these previous
studies in that the mechanics, metamorphism and P-T paths agree that the advective
component provides the key influence on the transfer of strain. We, however, suggest
that the heterogeneities in the thermal field also provide an important influence on the
overall patterns of deformation within the overriding plate.
The upper (lower temperatures and pressures; Figure 3.6 path C) limit for
seismicity is consistent with the transition from ductilely deforming clay minerals to illite
and chlorite (Gutscher and Peacock, 2003). In warm subduction zones, such as Cascadia,
the down-dip limit of seismicity is controlled by the interface temperature, ~350-450 ºC
(Peacock and Hyndman, 1999). However, within relatively cold subduction zones such
as southern Alaska, the lower, down-dip limit of the seismogenic zone (higher
temperatures and pressures; Figure 3.6 path A) coincides approximately with the
intersection of the megathrust with the forearc mantle wedge (~40 km; Peacock and
Hyndman, 1999) where fluids migrating from the dehydrating slab alter the local
mineralogy to a serpentine + brucite assemblage within the mantle and talc-rich rocks at
the interface. All three of these phases promote aseismic behavior at relatively shallow
depths. Dehydration reactions involving serpentine and talc have been suggested to
cause observed intermediate depth earthquakes at the slab surface (Kirby, 1995; Hacker
et al., 2003b). The location of the Inlet Orogen and the extent of the frictional sliver
compare favorably with the observed maximum in seismic hazard for southern Alaska
(Figure 3.7).
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Figure 3.7. Seismic hazard of south-central Alaska.
Figure 3.7. Seismic hazard of south-central Alaska. U.S. Geologic Survey seismic
hazard map for Alaska with major fault systems noted (black lines; see Figure 1.1;
Plafker et al., 1994; Pavlis et al., 2004). Scale for hazard map is peak ground
acceleration (ms-2) with 10% probability of exceedance in 50 years (Petersen et al.,
2008). Dashed red line indicates the down-dip extent of the frictional sliver within the
Fully-coupled models and is derived directly from the evolved (advected) model results.
Note that the western portion of the frictional sliver migrates to the south in response to
the initial Vz conditions (see Chapter 2.1).
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The transfer of strain across the frictional sliver is a function of the mechanical
properties of the interface and rheology of the material on either side. The mechanical
behavior of the megathrust with depth, with a transition from friction to plastic flow at
down-dip limit of sliver, can be seen in the velocity vectors (Figure 3.8). The frictional
zone, which is more efficient at transfer of strain, does not form a velocity gradient across
the megathrust, and therefore only forms a large-scale shear zone encompassing the
lower, temperature-dependent portion of the megathrust. This suggests that there is the
potential for a larger accumulation of strain energy in the upper, low-temperature portion
of the megathrust, which would result in potential for larger magnitude seismicity (Figure
3.8; Gutscher et al., 2000a).
A lithospheric scale shear zone forms along the entire down-dip extent of the
megathrust indicating a more uniform transfer of strain across the entire interface within
the Reference model (Figure 3.8).

This indicates that the model interface is at

temperatures above the down-dip limit for seismicity, consistent with less strain transfer
across the megathrust.

For the Fully-coupled model, a shear zone forms along the

megathrust down-dip from the extent of the frictional sliver at ~30-40 km depth,
approximately consistent with the transition from amphibolite to garnet amphibolite in
path B of Figure 3.6 (Figure 3.8). The different strain patterns on the model interface
demonstrate the influence of temperature on the transfer of strain and seismicity.
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Figure 3.8. Megathrust strain patterns.
Figure 3.8. Megathrust strain patterns. Contour plots of vertical shear stress (εyz; See
Appendix D) and displacement (Vz; m) for A) Reference and B) Fully-coupled models.
The red and black lines on the displacement plot indicate the locations of the megathrust
and large-scale thrust faults, respectively.
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3.5 Petrological Implications
Hydrated oceanic crust contains between 5 and 6 wt% water hosted in lawsonite,
zoisite, chloritoid, talc (±phengite), chlorite, and serpentine. Complete dehydration, at
eclogite facies conditions, is achieved between 70 and >300 km depth and is a function of
individual slab dip and resulting geothermal gradients (Schmidt and Poli, 1998). The
flux of the expelled fluid into the mantle wedge is an important component in creating
partial melts (Peacock, 1990).

It is generally accepted that the flux of this

metamorphically derived fluid into the hot mantle wedge (~1300 ºC; Schmidt and Poli,
1998) is at least partially responsible for subduction zone magmatism. Slabs with dips of
less than 25º do not have mantle wedge temperatures high enough to produce melts
(Philpotts, 1990; Peacock, 1990). This is consistent with the model results from this and
previous studies that indicate the observed break in volcanism in central Alaska is related
to the shallow dip of the subducting Yakutat terrane offsetting the hot mantle wedge flow
to the northwest (Munoz, 2005; Eberhart-Philips et al., 2006; Abers et al., 2006). Finally,
the presence of adakitic volcanism associated with the Wrangell Mountains (Preece and
Hart, 2004) suggests that slab melt played a role in the early stages of flat-slab
subduction. Gutscher et al. (2000b) suggest that during the initial stages of flat-slab
subduction the continued presence of the high-temperature mantle wedge allows for slab
melting. This adakitic component would continue to move spatially with the propagation
of the flat slab until the mantle wedge has been completely displaced, creating a gap in
volcanism commonly associated with flat-slab subduction (Gutscher et al., 2000b; Mori
et al., 2007).
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It has long been noted that seismicity within continental scale transform faults has
been restricted to the pressure-dependent, brittle portion of the crust (e.g. Chen and
Molnar, 1983; Maggi et al., 2000; Handy et al., 2007), indicating a link between
accumulation and/or transfer of strain and metamorphic grade (Handy et al., 2007).
Previous numerical studies have relied upon "melt weakening" for the formation of large
shear zones, or zones of channel flow, to explain exhumation and deformation within the
Himalayan orogeny (Beaumont et al., 2004; Jamieson et al., 2002). The linkage between
crustal-scale deformation patterns, rheology and petrology relies in part upon pressuretemperature (P-T) paths, which can be easily derived from thermo-mechanical models, as
well as reaction kinetics (e.g. Thompson and Rubie, 1985; Baxter and DePaolo, 2000;
Koons et al., 2002). The advection of material through the orogen defined by the model
vectors can be linked to the model pressure and temperature conditions (Figure 3.9). This
produces counter-clockwise P-T paths that record maximum conditions within the
amphibolite (0.8 GPa and 600 ºC) range for material starting in the middle crust that
outlet in the Outlet Orogen. Rock exhumed in the Inlet Orogen would have experienced
at maximum subgreenschist facies metamorphic conditions (0.4 GPa and ~200 ºC). The
P-T paths for moderate- to high-grade lower crustal rocks that follow the subduction
Pacific block trajectory do not cross the dehydration melting solidus curve, indicating the
models have captured an additional plausible cause for the observed volcanic gap;
temperatures necessary for melting are not reached. This petrological model technique
does, however, assume that the metamorphic conditions are a result of the Yakutat
collision and not a previous tectonic event.
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Figure 3.9. Derived P-T paths.
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The pressure and temperature condition can be used to identify the 3D spatial
relationships of the simple metamorphic facies within the numerical model geometry
(Figure 3.10). This yields a 2D petrologic representation of the entire orogen that can
then be used to identify petrologic patterns associated with oblique terrane accretion,
tectonic corner structures, or flat slab subduction in ancient orogenies (Figure 3.9). In a
similar study, Hacker et al. (2003b) utilized simple physical properties of minerals
associated with subduction zones to construct theoretical phase diagrams and simple
material properties (e.g. water content and densities). These data were then compared
and superimposed on 2D P-T models of subduction zones yielding spatial distribution of
metamorphic facies.
The numerical model can be examined extensively, with the easy extraction of
cross sections, map view slices, and particle paths on a variety of spatial and temporal
scales that would allow for a complete three-dimensional description of the petrological
evolution of an orogen. This technique has an advantage over applied geobarometry and
geothermometry in identifying areas of ancient thermal perturbations or tectonic
aneurysms in that it allows for the 3D investigation of the entire study area. Additionally,
the thermodynamic calculation of P-T pseudo-sections (i.e. using PurpleX (Connelly,
2005), TWQ (Berman, 2007) or ThermoCalc (Powell et al., 1998)) based upon the
identification and composition of mineral assemblages would be complimentary to the
numerical model results.
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Figure 3.10. Spatial distribution of metamorphic facies.
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The use of coupling of thermo-mechanical modeling and petrology as the sole test
for the model results does require some knowledge of the petrology for the area of
interest, that is the pressure and temperature conditions and approximate particle
trajectories.

However, this technique holds promise as a testing technique of the

tectonics of ancient orogens, such as the Acadian, through comparison of natural and
modeled petrologic evolution.
3.6 Conclusions
The numerical modeling results presented here demonstrate the important
influence exerted by perturbation to the thermal structure of the lithosphere during flatslab subduction.

Deformation patterns produced in a Reference model, that does not

account for the effects of vertical advection, consist of the development of a single
orogen at the down-dip extent of the indenting Pacific block. This basic patterns are
altered within the Fully-coupled model where vertical advection of cold crustal rock
causes cooling and resultant strengthening of the model forearc through the creation of a
sliver of frictional material within the fully coupled thermo-mechanical model. This
strengthening drives a temporal and spatial structural reorganization of the orogen,
including a trench-ward jump in the deformation front. The modeled large-scale spatial
deformation pattern from the Fully-Coupled model is consistent with observed
deformation within southern Alaska, as well as other locations such as the Laramide and
Acadian orogenies, indicating feedback between thermal perturbation and development
of rheological heterogeneities has a profound impact on the characteristic signal of
terrane accretion.
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Chapter 4 : Macroscale Geodynamics of Southern Alaska
4.1 Introduction
There is a dynamic link between long-wavelength, 100 to 1000 km-scale
landscape development and characteristic spatial and temporal deformation patterns
within an evolving compressional orogen resulting from the accretion of an exotic
terrane. This chapter focuses on the thermal and mechanical evolution of the crust during
the accretion of a micro-continent, the Yakutat terrane, within southern Alaska and
demonstrates the influence of the thermal structure and evolving rheology on the
observed geomorphology and characteristic signals of deformation. As such, southern
Alaska is framed within a single coherent three-dimensional, fully coupled, thermomechanical dynamic numerical model that studies the evolution of the crust during the
early stages of convergence.

The relationship between convergent tectonics,

characteristic signal of deformation, and landscape development indicates a dynamic,
non-linear relationship that explains some aspects of the observed geological evolution of
southern Alaska.

4.2 Geodynamics of Southern Alaska
The tectonic geometry of the southern Alaskan active plate boundary can be
divided into zones based upon observed kinematics, geomorphology, and style of
deformation (Figure 4.1):
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•

Transform Boundary: The eastern margin of the Yakutat terrane is
bounded by the dextral Fairweather transform fault, while farther to the
east and continuing to the northwest is the dextral Denali fault. Strain may
be transferred from the Fairweather fault to the Denali fault through the
Totschunda fault, although that connection is not confirmed (e.g. Plafker
et al., 1977; Matmon et al., 2006; Kalbas et al., 2007). A narrow area of
uplift, the Fairweather range, occurring in a zone restricted to the
microplate boundary is most likely related to the oblique collision of the
Yakutat terrane and not to the low angle (~15º) westward bend within the
Fairweather fault (e.g. Plafker et al., 1994; Bruhn et al., 2004). The
dominant mode of deformation within this zone is related to the dextral
strike-slip motion of the Denali and Fairweather faults. Within this zone,
the <5 Ma volcanoes of the Wrangell Mountains consist of a complex
spatial distribution of calc-alkaline, adakitic and tholeiitic lavas (Preece
and Hart, 2003) derived from a mid-ocean ridge basaltic like mantle
wedge enriched by the addition of subduction components.

These

volcanoes were constructed upon bedrock high potentially formed during
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Figure 4.1. Geodynamics of southern Alaska.
Figure 4.1. Geodynamics of southern Alaska. Map showing location of important
geological, geomorphological, and structural features of southern Alaska. The white box
indicates the spatial extent of the numerical model geometry. See text for further
explanation. Note the location of some noted features are used for spatial reference in the
following plots.

62

the initial stages of Yakutat convergence. Earlier volcanic rocks deposited
from ~30 Ma to present have a pattern of successive deposition and
extinction from east to west (Plafker et al., 1994; Preece and Hart, 2003).
The relationship between the earlier and later volcanics and tectonics is
not clear.
•

Transform-Compressional Transition: The transition from the northern
observed limit of the transform motion of the Fairweather and Denali
faults to convergent deformation associated with the St.Elias Range
comprises this boundary (e.g. Pavlis et al., 2004; Chapman et al., 2008).
This nexus of oblique strain is spatially associated with this tectonic
corner structure, and holds some very important implications.

For

instance, within the eastern portion of the St. Elias Range, this zone has
high relief and is extensively glaciated, suggesting the area may be an
excellent location to study the interaction between tectonics and climate.
•

Inlet Orogen: The St. Elias Range is composed of a broad area of uplift
along the coast, with the highest relief and topography in the eastern
portion (Mt. St. Elias – 5489m and Mt. Logan – 5959m) within the
vicinity of Yakutat Bay (Chapman et al., 2008).

The topographic

expression of the orogen decreases to the west, with the deformation
associated with the convergence of the Yakutat terrane decreasing west of
Cordova (N60.54; W145.7). The zone of active deformation has been
reorganized progressively from Miocene to Pliocene E-W trending thrust
sheets, to Plio-Pleistocene offshore NE-trending foreland and offshore
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(Pamplona zone) fold and trust belts (Figure 4.1; Chapman et al., 2008).
This orogen has been related to convergence of the Yakutat terrane.
•

Outlet Orogen: To the northwest of the Inlet Orogen, the Alaska Range
and Wrangell Mountains define a broad, actively deforming highland
associated with the transpressional motion of the Denali Fault (Miller et
al., 2002; Nokleberg et al., 1994). The Alaska Range is composed of a
long standing highland that underwent initial uplift during the early
Paleocene (Ridgway et al., 2007). Ongoing observed deformation and
uplift is related to the St. Elias orogeny (Plafker and Berg, 1994).

•

Subduction Boundary: The deformation patterns to the west of Cordova
are characteristic of the subduction of Pacific Plate. The vertical load
associated with the downward motion of the Pacific Plate creates
subduction basins within the Cook Inlet and Bering Sea (e.g. Bruhn and
Haeussler, 2006). The Cook Inlet basin continues to the east forming the
eastward shallowing Copper/Chitina River Basin, consistent with
shallowing of the slab dip to the east (Eberhart-Philips et al., 2006;
Gutscher and Peacock, 2003). Additionally, the uplift within the Alaska
and St. Elias Ranges creates a sediment flux to the Nenana and Gulf of
Alaska basins, respectively (Ridgway et al., 2007).

The relative buoyancy of the Yakutat terrane causes the dip of the subducting slab
to decrease, or flatten (e.g Eberhart-Philips et al., 2006; Rossi et al., 2006; Fuis et al.,
2008). Flat subduction has important implications to the thermal structure: it effectively
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cools the fore-arc by offsetting the hot mantle wedge flow, in this case toward the
northwest (e.g. Munoz, 2005). The relatively cool subduction zone alters the pressuretemperature conditions of the lower crust, shutting off melt production and creating the
observed gap in volcanism between the Wrangells and Mt. Spurr (Preece and Hart, 2004;
Figure 4.1).

Additionally, the refrigeration of the fore-arc creates a much wider

seismogenic zone allowing for larger strain accumulation, leading to large mega-thrust
earthquakes (Munoz, 2005; Gutscher and Peacock, 2003; Eberhart-Philips et al., 2006;
Abers et al., 2006).

4.3 Numerical Modeling Methods
This study uses the macroscale 3D thermo-mechanical numerical model to
reproduce the evolution of deformation patterns within an accretionary orogen (Figures
2.1 and 4.1). A discussion of the corresponding mesoscale embedded models can be
found in Chapter 5. These models are completed using a commercial finite element code,
FLAC3D, solving for simple stress–strain relationships, applied forces or kinematic
boundary conditions, and heat flow to simulate the mechanical and thermal behavior of
Earth materials (Cundall and Board, 1988; Koons et al., 2002). The initial thermal
solutions from Chapter 3 are used to assign an initial rheological structure to coupled
thermo-mechanical models to investigate the role of local thermal and mechanical
heterogeneities in the development of the regional characteristic signal of an accretionary
orogen (Figure 3.3).
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The modeling path is to first develop a standard Reference model that has a
rheology defined independently from the thermal structure. The upper crust (<15 km) of
this model is defined as a pressure-dependent Mohr-Coulomb material where the
standard associated plasticity retains strength as the model evolves. The lower crust has a
von Mises which simulates a thermally-dependent flow law with a nonlinear decrease in
strength with depth. This model is used as a base of comparison to later, fully coupled
that include thermally-dependent rheologies for the lower crust (>15 km or 350 ºC). The
upper crust of the fully coupled models also alter the Mohr-Coulomb behavior (Tectonic
models) by allowing the model to weaken with accumulation of strain (Strain-Softening
models), simulating the formation of faults and shear zones by the non-associated straindependent material weakening (e.g. Vermeer and de Borst, 1984; Hobbs et al., 1990;
Buck and Poliakov, 1998; Montesi and Zuber, 2002). The fully-coupled models are also
successively conditioned with surficial regional erosional conditions based upon the
approximate limits of major glacier within the St. Elias Range. See Chapter 2 for
additional details of the numerical methods and model geometries.
The presence of episodic releases of strain (i.e. large earthquakes) associated with
the Denali-Fairweather fault and the Alaskan megathrust is not captured within the
models. The models assume the transfer of strain is efficient and that the faults are
continuously locked.

This may overstate the strain transferred, and therefore the

deformation rate and magnitudes within the model as compared to the natural example.
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The relative focusing of strain within the models can be related to the thermal and
rheological evolution of the crust. The spatial and temporal evolution of active orogens
can be related to the interaction of tectonics, rheology, and erosion/climate. The standard
Mohr-Coulomb mechanical model used in this study is a temporally homogeneous
material where post-yield stress levels are maintained, and therefore does not account for
the development of weak zones associated with accumulation of strain.

The strain

softening model progressively weakens with strain, allowing for further localization of
deformation. The weakening models do not address the potential healing of strained
rocks through time and are only altered by the described weakening criteria.
Additionally, metamorphism has been shown to affect strain patterns on a regional scale.
Mineralogical changes associated with metamorphism, liberation of metamorphic or
igneous fluid, and accumulation of strain have been shown to create a relatively strong
zone within the crust, affecting the overall deformation pattern (e.g. Groome et al., 2008;
Upton et al., 2003; Pavlis and Sisson, 2003; Horsman et al., 2008; Chapter 3).
Additionally, the large scale magmatism associated with the Wrangell volcanic field may
weaken the crust regionally and alter how strain is transferred. These topics are beyond
the scope of this project and will be addressed in the future elsewhere.

4.4 Results
4.4.1 Reference Model Results
The Reference model was developed with a rheological structure defined
independently from the thermal structure to illustrate the effects of thermal perturbations
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Figure 4.2. Reference model strain patterns.
Figure 4.2. Reference model strain patterns. Contour plots from the Reference model
taken at ~6 km below sea level of the vorticity components A) Ωxy, B) Ωxz, and C) Ωyz.
D) Plot of the shear strain increment. Note all horizontal contour plots are taken at 5 km
below sea level with spatial reference location projected from the surface. See Figure 4.1
for comparison of spatial references.
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on the rheological structure observed within the fully coupled models (Figures 3.3). The
rheologic structure of the Reference model is spatially and temporally homogeneous at
the scale of the geometry and behaves mechanical in a similar fashion to that of the fully
coupled models. The initial stages of deformation include the development of a dextral
transform fault along the eastern margin of the Pacific block, as can be seen in a vorticity
horizontal plane (ΩXY; Figure 4.2A). Vorticity, defined by velocity gradients in the
vertical and horizontal planes, is here used to approximate strain patterns and indicate
modes of deformation (i.e. transform, thrust, or normal faulting; See Appendix D). The
obliquity of the convergence increases northward due to the initial velocity conditions
(Figure 2.2), as can be seen by the increased importance of the vorticity in the vertical
plane perpendicular to the direction of convergence (ΩYZ; Figure 4.2B). A maximum in
ΩYZ at 400km along the Y-axis is a result of the variation in the initial vertical velocity
(VZ; Figures 2.2 and 4.2C). To the west, the mode of deformation is dominated by
compression, with the formation of an orogenic wedge above the down-dip limit of the
Pacific block (ΩXZ; Figure 4.2C). The strain pattern forms a right angle bend associated
with the northern Transition-Compressional Transition zone located within the eastern
Alaska Range (Figures 4.1 and 4.2D). This tectonic corner structure forms due to the
rotation of principle stress axes from transcurrent to compressional deformation (Figure
4.2D; Animation 4.1). Additionally, the overall highest rate and magnitude of uplift, as
well as largest thermal anomaly (50 ºC), occurs within this corner (Figures 4.3A, 4.3B,
and 4.3C respectively). This deformation and thermal pattern can be explained by the
pattern of convergence into the corner defined by the evolved kinematics and
displacements (Figure 4.3D). The total displacement and velocity vector pattern (Figure
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Figure 4.3. Uplift and thermal results for the Reference model.
Figure 4.3. Uplift and temperature results for the Reference model. Contour plots of A)
vertical velocity (myr-1), B) vertical displacement (m) and kinematic boundaries (see
Figure 4.1), and C) temperature (°C). D) Vector plot of the model kinematic (myr-1)
results overlain on the total displacement (km) results.
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Figure 4.4. Temporal uplift patterns in the Reference model.
Figure 4.4. Temporal uplift patterns in the Reference model. Contour plots of A) vertical
velocity (myr-1) at A) 100 ky, B) 300 ky, C) 500 ky, and D) 700 ky.
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4.3D) is indicate that the largest transcurrent offset is along the Transform Boundary with
increasing obliquity in convergence northward through the corner structure to the
transition to compressional strain within the Outlet Orogen.
The area of highest uplift shifts as the model evolves from initially spatially
consistent with the corner structure to an area further to the east corresponding to the
orogenic wedge (Figure 4.3B and 4.4; Animation 4.2). Temporally fragmented uplift
within the forearc region is on a minor scale relative to the corner structure suggesting
most of the strain is accommodated within the Outlet Orogen (Figure 4.4; Animation
4.2).
4.4.2 Tectonic Model Results
The initial thermal structure is indicative of long standing flat slab subduction
zones where vertical motion of the relatively cold down-going slab drags the isotherms
downward, inverting them at depth and effectively cooling the lower crust within the
fore-arc (Figure 4.5; Chapter 3). One of the more important aspects of this model is the
formation of a thin sliver (< 10 km thickness) of material along the down-dip surface of
the Pacific plate that behaves frictionally (Figures 3.3 and 4.5). During the initial stages
of the model, the frictional sliver is uniform in down-dip extent in the east-west (Y-axis)
direction. The velocity conditions of the Pacific block are variable along the Y-axis, with
a larger vertical velocity (VZ) along the western half due to the transition from subduction
of the Pacific plate to subduction of the more buoyant Yakutat terrane. The down-dip
extent of the frictional sliver decreases along the western portion of the Pacific block as
the model evolves. The decrease in extent, or roll-back, of the frictional sliver can be
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Figure 4.5. Spatial development of the frictional sliver.
Figure 4.5. Spatial development of the frictional sliver. Cross section plots of the
rheological model at y-axis dimension A) 100 km, B) 300 km, C) 500 km, and D) 700 km
showing the spatial development of the frictional sliver. The inset shows the initial
vertical velocity conditions imposed upon the Pacific block.
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Figure 4.6. Strain patterns associated with the megathrust.
Figure 4.6. Strain patterns associated with the megathrust. Cross section contour plots of
the shear strain rates (s-1) at y-axis dimension A) 100 km, B) 300 km, C) 500 km, and D)
700 km. The location of modeled faults are show on the cross sections as black lines,
projected onto the model surface as dashed black lines, and linked spatially by the gray
shaded planes. Additionally, the kinematically defined boundaries from Figure 4.1 and
the location of the megathrust (white outline) are noted.
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.
Figure 4.7. Tectonic model strain patterns.
Figure 4.7. Tectonic model strain patterns. Contour plots of the vorticity components A)
Ωxy, B) Ωxz, and C) Ωyz. D) Plot of the shear strain increment.
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seen in the resulting deformation patterns (Figure 4.5). A large scale megathrust shear
zone develops at the down-dip extent of the frictional sliver and continues to the base of
the crust (Figure 4.6).
The fully coupled thermo-mechanical Tectonic models incorporate simple
pressure-dependent upper crust (<15 km or 350 ºC) and temperature-dependent plastic
yield lower crust (>15 km or 350 ºC) that evolves as the model steps. The large-scale,
spatial strain patterns are captured by the vorticity components (Figures 4.1 and Figures
4.7). The maximum in vorticity in the horizontal plane defines a dextral transform fault
along the eastern margin of the Pacific block (ΩXY; Figures 4.7A). The increasing
obliquity of the convergence northward can be seen by the increased importance of the
vorticity in the vertical plane perpendicular to the direction of convergence (ΩYZ; Figure
4.7B). At the leading edge of the Pacific block (~0 km on the X-axis), north-south
vertical vorticity component shows that convergent strain is partitioned into an orogenic
wedge (ΩXZ; Figures 4.7C). At the down-dip limit of the frictional sliver (Figures 4.5
and 4.6), a relatively minor maximum in the north-south vertical vorticity component
defines the limits of a secondary orogenic wedge (ΩXZ; Figure 4.7C).

The transition

from the transcurrent motion of the Transform Boundary to the compressive deformation
within the dual orogenic wedges develops two tectonic corner structures (at ~400 km and
~0km along the X-axis; Figure 4.7D). Each of these corner structures is defined by the
rotation of principle stress axes from transcurrent to compressional deformation
(Animation 4.3).
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Figure
4.8. Uplift and temperature results for the Tectonic model.
Figure 4.8. Uplift and temperature results for the Tectonic model. Contour plots of A)
vertical velocity (myr-1), B) vertical displacement (m) and kinematic boundaries (see
Figure 4.1), and C) temperature (°C). D) Vector plot of the model kinematic (myr-1)
results overlain on the total displacement (km) results.
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The rate and magnitude of uplift define two sub-parallel orogens located spatially
consistent with the Inlet and Outlet Orogens (Figures 4.8A and 4.8B). Additionally,
uplift within the Outlet Orogen develops a small magnitude (25 ºC) advective thermal
anomaly within that location (Figure 4.8C). This deformation and thermal pattern can be
explained by the pattern of convergence into the southern corner structure defined by the
evolved kinematics and displacements pattern showing the maximum in velocity and
displacement gradients associated with the Inlet Orogen (Figure 4.8D).

The total

displacement and velocity vector patterns (Figure 4.8D) indicate that the largest
transcurrent offset occurs along the Transform Boundary with increasing obliquity in
convergence northward through the corner structures to the transition to compressional
strain within the Inlet and Outlet Orogens.
As the model evolves the area of highest uplift shifts from initially spatially
consistent with the corner structure westward to an area corresponding to the orogenic
wedge of the Outlet Orogen (Figure 4.8B and 4.9; Animation 4.4). Additionally, there is
a temporal shift from initial uplift within the Outlet Orogen to uplift dominantly
associated with the southern corner structure and Inlet Orogen (Figure 4.9B to 4.9C;
Animation 4.4).
4.4.3 Strain-Softening Model Results
The fully coupled thermo-mechanical Strain-Softening models incorporate simple
pressure-dependent upper crust (<15 km or 350 ºC) that weakens with accumulation of
strain. Similar to the previously discussed models, the maximum in vorticity in the
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Figure 4.9. Temporal uplift patterns in the Tectonic model.
Figure 4.9. Temporal uplift patterns in the Tectonics model. Contour plots of A) vertical
velocity (myr-1) at A) 100 ky, B) 300 ky, C) 500 ky, and D) 700 ky.
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Figure 4.10. Strain-softening model strain patterns.
Figure 4.10. Strain-softening model strain patterns. Contour plots of the vorticity
components A) Ωxy, B) Ωxz, and C) Ωyz. D) Plot of the shear strain increment.
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horizontal plane defines a dextral transform fault along the eastern margin of the Pacific
block forming the Transform boundary (ΩXY; Figures 4.10A). The increasing obliquity
of the convergence northward, as well as the partitioning of deformation into the
secondary Inlet Orogen, can be seen by the pattern of the vorticity in the vertical plane
perpendicular to the direction of convergence (ΩYZ; Figure 4.10B). The northward extent
of the oblique component defines the Transform-Compressional Transition associated
with the Inlet Orogen. The north-south vertical vorticity component indicates that the
bulk of the convergent strain is partitioned into the Inlet Orogen, with the Outlet Orogen
forming a relatively minor structure (ΩXZ; Figures 4.10C). The transition from the
transform motion compressive deformation within the dual orogenic wedges develops
two tectonic corner structures, the dominant corner is located at the eastern terminus of
the Inlet Orogen and the relatively minor corner is located at the eastern terminus of the
Outlet Orogen (Figure 4.10D). These corner structures are defined by the rotation of
principle stress axes from transcurrent to compressional deformation (Animation 4.5).
The rate and magnitude of uplift define two sub-parallel orogens located spatially
consistent with the Inlet and Outlet Orogens (Figures 4.11A and 4.11B), with the
southern Inlet Orogen capturing most of the strain. A southward bend in the uplift
pattern west of the Inlet Orogen at 400km along the Y-axis evident in Figure 11B is
consistent with the role-back of the frictional sliver (Figure 4.6) due to the lateral increase
in VZ associated with subduction of the Pacific Plate to the west. Uplift within the two
orogens develop a small magnitude (25 ºC) advective thermal anomaly within the Outlet
Orogen and a larger magnitude (75 ºC) anomaly associated with the Inlet Orogen (Figure
4.11C). The pattern of deformation and thermal anomalies can be explained by
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Figure 4.11. Uplift and temperature results for the Strain-softening model.
Figure 4.11. Uplift and temperature results for the Strain-Softening model. Contour plots
of A) vertical velocity (myr-1), B) vertical displacement (m) and kinematic boundaries
(see Figure 4.1), and C) temperature (°C). D) Vector plot of the model kinematic (myr-1)
results overlain on the total displacement (km) results.
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Figure 4.12. Temporal uplift patterns in the Strain-softening model.
Figure 4.12. Temporal uplift patterns in the Strain-Softening model. Contour plots of A)
vertical velocity (myr-1) at A) 100 ky, B) 300 ky, C) 500 ky, and D) 700 ky.

83

partitioning of most of the convergence into the southern corner structure, as defined by
the evolved kinematics and displacements pattern showing the maximum in velocity and
displacement gradients associated with the Inlet Orogen (Figure 4.11D), with little strain
translated further northward. The total displacement and velocity vector patterns (Figure
4.11D) indicate that the largest transcurrent offset occurs along the Transform Boundary
with increasing obliquity in convergence northward through the corner structures to the
transition to compressional strain mainly within the Inlet Orogen.
As the model evolves the area of highest uplift shifts from initially spatially
consistent with the corner structures westward to an area corresponding to the orogenic
wedges of the Inlet and Outlet Orogens (Figure 4.11B and 4.12; Animation 4.6). The
temporal shift from initial uplift within the Outlet Orogen to uplift dominantly associated
with the southern corner structure and Inlet Orogen is much more evident in the StrainSoftening model as the Inlet Orogen is better defined than in the Reference or Tectonic
models (Figure 4.11B to 4.11C; Animation 4.6).
4.4.4 Erosional Tectonic Model Results
The utilization of a simple erosion model that assumes warm-based glaciers
maintain near constant elevations provide a more realistic surface boundary condition
(e.g. Hallet et al., 1996; Meigs and Suber, 2000). The erosional model is applied to the
approximate location of the Inlet Orogen and assumes the orogen is maintained at a
constant elevation by the present glacial cover. The results of this series of models
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Figure 4.13. Erosional Tectonic model strain and uplift patterns.
Figure 4.13. Erosional Tectonic model strain and uplift patterns. Contour plots of the
vorticity components A) Ωxy, B) Ωxz, and C) Ωyz. D) Plot of the shear strain increment.
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Figure 4.13. Continued. E) vertical velocity (myr-1), F) vertical displacement (m) and
kinematic boundaries (see Figure 4.1), and G) temperature (°C). H) Vector plot of the
model kinematic (myr-1) results overlain on the total displacement (km) results. The
location of the defined erosional area is indicated on A) and E) by the black outline.
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suggest that erosion can play an important role in partitioning of deformation within a
large-scale (1000km) orogen and is not limited to relatively small-scale (10km) focusing
of strain.
Inclusion of this simple erosion model in the Tectonic model (Figure 4.13)
produces a strain pattern very similar to that produced within the non-erosive Tectonic
model (Figures 4.7 through 4.9). This pattern is characterized with a lateral dextral
transform fault (Figure 4.13A) that increases in obliquity to the north (Figure 4.13B)
before bifurcating into the dual orogenic wedge system (Figure 4.13C). The inclusion of
erosion causes an increase in magnitude of the large-scale strain (Figure 4.13D) within
the tectonic corner structures, consistent with the rotation observed in the principle strain
tensor (Animation 4.7). The displacement and velocity vectors (Figure 4.13E), uplift
patterns (Figures 4.13F and 4.13G; Animation 4.8), and local thermal perturbations
(Figure 4.13H) also show focused deformation and uplift within the corner relative to the
corresponding non-erosive models. The result of the modeled erosion is thinning and
significantly weakening of the upper crust causing the focusing of strain within a narrow
zone (Figure 4.14).

Weakening within the erosive Tectonic model causes the Inlet

Orogen to capture proportionally more of the strain (relative to the non-erosive model)
and further decreases the deformation within the Outlet Orogen.
4.4.5 Erosional Strain-Softening Model Results
The strain patterns of the erosional Strain-softening model (Figure 4.15) are also
similar to those produced within the non-erosive version (Figures 4.10 through 4.12),
with a lateral dextral transform fault (Figure 4.15A) that increases in obliquity to the
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Figure 4.14. Effect of erosion on crustal strength.

Figure 4.14. Effect of Erosion on crustal strength. A) Schematic showing the effects of
erosive and thermal thinning on the strength of the crust (after Koons et al., 2002). The
plot on the right shows the initial strength (red line) prior to the model run. The gray
shaded box indicates the zone of transition from a pressure- to a temperature-dependent
rheology. With increasing crustal flow driving vertical advection that transition is offset
upward, effectively thinning the crust. The addition of an erosional surface adds to this
effect. The new, evolved strength (blue line) is weaker than the initial strength profile
(dashed red line). B) A cross-section of the model (Y-axis = 600km) showing the two
weakened areas: A) the Outlet Orogen is driven by thermal advection and B) the Inlet
Orogen weakening is driven by the non-linear feedback between advection and erosion.
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Figure 4.15. Erosional Strain-softening model strain and uplift results.
Figure 4.15. Erosional Strain-Softening model strain and uplift patterns. Contour plots
of the vorticity components A) Ωxy, B) Ωxz, and C) Ωyz. D) Plot of the shear strain
increment.
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Figure 4.15. Continued. E) vertical velocity (myr-1), F) vertical displacement (m) and
kinematic boundaries (see Figure 4.1), and G) temperature (°C). H) Vector plot of the
model kinematic (myr-1) results overlain on the total displacement (km) results. The
location of the defined erosional area is indicated on A) and E) by the black outline.
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north (Figure 4.15B) before bifurcating into the dual orogenic wedge system dominated
by the Inlet Orogen (Figure 4.15C).

The modeled erosion drives an increase in

magnitude of the large-scale strain (Figure 4.15D) within the tectonic corner structure to
the south at the eastern terminus of the Inlet Orogen. This pattern is also seen in the
rotation of the principle stress tensor (Animation 4.9). The resultant displacement and
velocity vectors (Figure 4.15E), uplift patterns (Figures 4.15F and 4.15G; Animation
4.10), and local thermal perturbations (Figure 4.15H) indicate that deformation and uplift
are focused within the corner more than the corresponding non-erosive model. The
combination of erosion and strain weakening cause the Inlet Orogen to capture most of
the strain (relative to the non-erosive model).

4.5 Discussion
4.5.1 Discussion of Model Results
The main location of deformation within the Reference model results includes the
formation of the Outlet Orogen (Figure 4.3B). Strain is transferred northward along the
Transform Boundary, which is spatially consistent with the Denali-Fairweather fault
system (Figures 4.1 and 4.7A) and the transition from transcurrent to convergent strain
defines the Transform-Compressional Transition located at the eastern termination of the
Outlet Orogen.

However, this model does not form a well-developed Subduction

Boundary or Inlet Orogen (Figure 4.3B). This suggests the formation of the naturally
observed dual, teleconnected orogenic wedges located at down-dip extent of the Pacific
block (Outlet Orogen) and frictional sliver (Inlet Orogen) is related to the influence of the
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development of the frictional sliver due to the advective thermal anomaly associated with
flat slab subduction.
There is a disparity between the timing of the model structural reorganization and
the natural geological evolution of southern Alaska. The initial thermal model used in
this series of model assumes an instantaneous perturbation of the thermal structure.
However, as seen in the 2D thermal model presented in Chapter 3 (Figure 3.1), the
advective perturbation due to the initiation of the flat slab subduction takes approximately
10 Myr to fully develop. This is consistent with the simple arithmetic that indicates that
the flat slab would have initiated at 10-14 Ma, assuming 500-600 km has subducted at a
rate of 50 mmyr-1.
In the fully coupled models, strain is transferred between the Inlet to Outlet
Orogens along Denali-Fairweather fault system. The relative dominance of this fault
system is related to the degree of deformation occurring within the Inlet Orogen. In the
standard Tectonic model, deformation within the Outlet Orogen is dominant; the DenaliFairweather fault system is a large-scale, high-strain feature formed along the entire
eastern margin of the Pacific block (Figure 4.7A and 4.10A). The major transition from
transform to convergent deformation occurs with the tectonic corner associated with the
Outlet Orogen.

Within continued evolution (Figure 4.9), the model develops the

secondary Inlet Orogen. Both wedges are active simultaneously (Animation 4.4).
The deformation patterns are enhanced within the Strain-Softening model. The
initial stages of the Tectonic and Strain-Softening models are similar, with a well defined
transitional fault system transferring strain to the Outlet Orogen (Figure 4.9 and 4.12).
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However, dynamic weakening of model within the fore-arc causes the Inlet Orogen to
capture the majority of the deformation in the Strain-Softening model, the northern extent
of the Denali-Fairweather fault system becomes less important. The major transition
from transform to convergent deformation discontinuously jumps to the eastern margin of
the Inlet Orogen. While this structural reorganization does not stop all strain along the
Denali-Fairweather fault, it does greatly reduce the amount of transferred strain, and
therefore the deformation within the Outlet Orogen (Figure 4.9).
As noted above, vertical advection driven by subduction of the Pacific block cools
the lower crust within the fore-arc region (Figure 4.5). This tectonic refrigeration drives
the observed model spatial and temporal structural reorganization of the deformation
patterns (Figures 4.9 and 4.12) by altering the rheological structure of the crust.
Additionally, evolution of the thermal structure within the orogens mirror the vertical
displacements, areas with the highest vertical uplift also have the most deflection of the
isotherms (Figures 4.8 and 4.11).

The Outlet and Inlet Orogen have the largest

perturbations, and in both cases the magnitude of the perturbation decreases from a
maximum within the tectonic corner toward the west.

These vertical thermal

perturbations associated with the orogenic wedges create an upward material advection
associated with crustal weakening facilitated by the vertical offset of the transition from
frictional to plastic material behavior (Figures 4.8 and 4.11). These weakening zones
created by vertical advection drive further localization of strain (e.g. Koons et al., 2002;
Koons et al., 2003).
The vertical motion of the Pacific block drives the creation of subduction basins.
The main basin forms above the western portion of both the Tectonic and Strain93

Softening models consistent with the Subduction Boundary. These basins shallow to the
east with the reduction of the VZ of the Pacific block to the east. The mechanics of the
western portion of the model are dominated by the vertical velocity of the Pacific block,
suggesting that the basins form in response to vertical loading at the base and not to
sediment loading at the surface (Figures 4.7 and 4.9).

In order to create thick

sedimentary basins within tectonically active areas, flexure of the crust driven by tectonic
deformation must first create a basin structure into which sediment can be accumulated.
Sediment loading can then contribute to the continued formation and evolution of these
basins. The northern extents of these basins are truncated by the western margin the Inlet
Orogen and further north by the Outlet Orogen.
4.5.2 Comparison with Geological Observations
The development of long wavelength (macroscale; 100 km) topography is linked
to the rheology, tectonic geometry, and kinematics of the orogeny.

The numerical

modeling presented here predicts the development of dual orogenic wedges that can be
associated with large, crustal scale deformation patterns. The deformation patterns are
coupled to perturbations of the rheological structure of the crust by thermal advection and
accumulation of strain. This coupling suggests a fundamental link between the spatially
and temporally evolving rheology and deformation patterns. Here the model results are
explored in more detail with respect to geological observations of the timing of uplift
(Figure 4.16) and large scale strain patterns (Figure 4.17).
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Figure 4.16. Geological uplift patterns.
Figure 4.16. Geological uplift patterns. Thermochronology of observed uplift from A)
Denali (Fitzgerald et al., 1995) and B) Logan (O'Sullivan and Currie, 1996) and
sedimentology from C) Tanana basin (Ridgway et al., 2007) and D) Gulf of Alaska
(Plafker, 1987; Plafker et al., 1995).
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Figure 4.17. Structural comparisons.

Figure 4.17. Structural comparisons. Schematic map showing the comparison of mapped
faults in southern Alaska (Plafker, 1987; Plafker et al., 1994; Meriaux et al., 2009) and
modeled areas of maximum strain.
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Constraints on the deformation and uplift history are given by significant
thermochronological data within both the Alaska (Fitzgerald et al., 1995; Haeussler et al.,
2008; Haeussler, 2008) and St. Elias Ranges (Berger et al, 2008a; Berger et al, 2008b,
Berger and Spotilla, 2008; Enkelmann et al., 2008; Enkelmann et al., 2009). Apatite
fission track thermochronology indicates that exhumation within the Denali region
(vicinity of Mt. McKinley) began by the Late Miocene (~5-6 Ma; Figure 4.16 inset A),
with the amount of uplift decreasing to the south of the Denali fault (Fitzgerald et al.,
1995).

Fitzgerald et al. (1995) suggested that the patterns and timing of uplift,

association with the Denali fault, and shift in plate motion at ~5.6 Ma (Engebretson et al.,
1985) are related to changing stress relationships between the Pacific and North
American plate. The authors suggested that the perturbation of the stress relationships
causes additional oblique compressional deformation within the McKinley strand of the
Denali fault, resulting in the observed uplift. The results of this study indicate that the
accretion of the Yakutat terrane at ~6 Ma played a significant role in altering this stress
relationship and drove uplift within the Alaska Range, consistent with the interpretation
of Plafker et al. (1994). Additionally, O'Sullivan and Currie (1996) indicated two stages
of uplift and exhumation within the Mt. Logan massif; one in the late Miocene (~16 Ma)
and a younger Pliocene event (~4 Ma; Figure 4.16 inset B). The authors suggest if the
Miocene deformation event is restricted to the St. Elias Range, it could be related to
subduction and initial under-plating of the cool Yakutat terrane resulting in crustal
thickening and uplift. Alternatively, if the event was regional, it could be related to rapid
cooling due to migration of the magmatic front associated with a ~16 Ma change in
relative plate motions (Engebretson et al., 1985; Skulski et al., 1992).
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Pliocene-

Pleistocene deformation (Campbell and Dodds, 1982), palynology studies indicating
reduction of forest canopy after ~7 Ma due to uplift (O'Sullivan and Currie, 1996), and
sedimentology of local Cenozoic marine glacial deposits indicate that the later event is
associated with uplift of the St. Elias Range driven by accretion of the Yakutat terrane.
Additional low temperature thermochronology indicates extremely young exhumation
(<1 Ma) on the windward flank of the St. Elias Range driven by glacial erosion can be
linked to climatic changes within the Pleistocene (Berger et al., 2008a; Berger and
Spotilla, 2008). The observed disparity in timing between earlier uplift within the Alaska
Range and later, continuing uplift with the St. Elias Range is consistent with the modeled
temporal shift in deformation fronts. As noted in 4.3, the model time-scale is accelerated
relative to the natural example due to the assumption that strain is efficiently transferred
across a continuously locked Denali-Fairweather fault and Alaskan megathrust. The
younger uplift history within the St. Elias Range will be further explored in Chapter 5.
The stratigraphic record provided by large basins within southern Alaska can
provide a secondary record of uplift and exhumation within the study area. To the north
of the Denali fault, the Tanana basin provides a record of uplift within the Alaska Range
(Figure 4.16 inset C). Provenance of the mid Miocene Suntana Formation (~15 Ma)
indicates the Alaska Range was a developing highland at that time (Ridgway et al.,
2007). By the deposition of the Nenana gravels (6.7 Ma) the Alaska Range was a major
orogenic source of coarse clastic sediments, corresponding favorably with the
thermochronological uplift history.

The Gulf of Alaska records a significantly younger

sedimentary record (Figure 4.16 inset D). The synorogenic deposits within this basin are
referred to as the Yakutaga Formation, and record a complex depositional environment
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Figure 4.18. Seismic hazard map of southern Alaska.

Figure 4.18. Seismic hazard map of southern Alaska. Seismic hazard map (Petersen et
al., 2008) overlain on map of southern Alaska including model faults patterns (black
lines). Seismic moment tensor solutions are derived from the vorticity associated with
the model faults (see Figure 4.2 for example). Scale for hazard map is peak ground
acceleration (ms-2) with 10% probability of exceedance in 50 years (Petersen et al.,
2008).
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with multiple synorogenic unconformities and facies variations related to the relative
dominance of glacio-marine sedimentation.

This unit has poor paleontological age

constraint (Plafker, 1987), however, recent work has suggested that the unit is entirely
Plio-Pleistocene, with an age of 4.5 Ma at the base of the unit (Eyles et al., 1991; Lagoe
and Zellers, 1996). Again, the sedimentological record of uplift and exhumation
corresponds favorably with the thermochronological data and supports the numerical
modeling results.
The observed deformation and strain patterns within the model can be used to
indicate the locations of modeled faults that compare favorably with the natural example
(Figure 4.17). The zone of highest strain and highest topography occurs within the
tectonic corner structure. The corner structure associated with the St. Elias Range is
located at the intersection of the Fairweather, Contact, and Boarder Ranges Faults, which
comprise major terrane boundaries (Chapter 1).

This corner zone is also spatially

consistent with an area of high historical seismicity (Estabrook et al., 1992; Plafker and
Thatcher, 2008), present seismic hazard (Figure 4.18; Petersen et al., 2008), and high
topography. The Alaska Range is characterized by a relatively narrow zone of high
topography associated with the oblique motion on the Denali fault (Matmon et al., 2006)
and subdued topography to the north associated with a fold and thrust belt (Meriaux et
al., 2009). The model results suggest that the largest uplift should be associated with the
oblique corner structure, with a relatively broad area of uplift across the region. The St.
Elias Range consists of three large, southward directed thrust sheets (Meigs et al., 2008).
Additionally, there is a complex pattern of overprinting minor faults that suggest an
evolving stress state within the region consistent with a temporal change from dominantly
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transform to oblique motion (Chapman et al., 2008), a similar patterns predicted by the
modeled jump in deformation front.
There are three hypotheses proposed to explain the motion of the Denali Fault and
neotectonics of southern Alaska. The first proposes counterclockwise rotation of the
Wrangell block (e.g. the major terrane immediately south of the Denali Fault; see Figure
1.1) about a vertical axis (Lahr and Plafker, 1980; Stout and Chase, 1980; Csejtey, 1990;
Page et al., 1995). This hypothesis implies the Denali fault is a major dextral transform
fault with a constant slip rate along its length and also decouples the deformation within
the Alaska Range from the rotation of the Wrangell block. The second alternative
hypothesis suggests that slip is progressively partitioned from a northwest translating
Wrangell block into the fold and thrust structure of the Alaska Range (Bird et al., 1996;
Meriaux et al., 2009). This hypothesis relies on new cosmogenic dating of geomorphic
features as a means to measure fault slip rates along the strike of the Denali Fault
(Matmon et al., 2006; Meriaux et al., 2009). These studies present data that indicate a
decrease in slip rate from >14 mma-1 (145 W) to <7 mma-1 west of McKinley (Meriaux
et al., 2009; 149 W). Meriaux et al. (2009) suggests that this decrease in slip is due to the
increased partition of strain into the northward thrust faults associated with the foreland
fold-and-thrust belt of the Alaska Range (Armijo et al., 1986; Bowman et al., 2003; Bird
et al., 1996; Meriaux et al., 2009; Bemis and Wallace, 2007; Lesh and Ridgway, 2007).
Another important observation is the gradual widening of the Alaska Range east (30 km)
to west (50 km) caused by crustal thickening. The crustal thickening is due to the
increased partitioning of dextral transcurrent strain into the convergent fold-and-thrust
belt related to the kinematics of the Wrangell block and the strike of Denali Fault. The
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neotectonic hypothesis of Meriaux et al. (2009) assumes no rotation of the Wrangell
block, which would decrease partitioning of dextral transcurrent slip to the fold-andthrust belt and uplift rates within the Alaska Range. This is the preferred hypothesis and
agrees well with the results of the models presented here. Finally, the third hypothesis
utilizes lateral extrusion of southern Alaska to the west (Redfield et al., 2007), similar to
the proposed gravitational collapse of the Tibetan Plateau (Tapponnier et al., 1982;
England and Houseman, 1989, Dewey, 1988). This proposed hypothesis does not seem
to agree with the observed GPS plate vectors, deformation patterns, or slip partitioning
along the major fault systems.
A tectonic model of the structural history of the accretion of the Yakutat Terrane
in the St. Elias Range was presented by Chapman et al. (2008). During the early stages
of convergence in the Miocene, the deformation was characterized by the stacked, thinskinned fold-and-thrust belt and early exhumation and deposition of the Yakutaga
Formation. This early deformation was overprinted by the northeast trending Pliocene to
early Pliestocene thrust faults in foreland. This structural reorganization has been linked
to glaciation (Gulick et al., 2007; Worthington et al., 2008; Berger et al., 2008a) by
erosion and mass redistribution driving the progradation of the shelf edge. However, the
role of changes to the vertical normal and shear stresses by mass loading due to large ice
sheets has as of yet been unexplored. Currently, the deformation front is located within
the orogen and consists of a narrow band of en echelon northeast trending thrusts (Pavlis
et al., 2004). Thermochronology (Meigs et al., 2008; Berger et al., 2008a; Berger et al.,
2008b) and metamorphic petrology (Dusel-Bacon et al., 1994) indicate that the highest
exhumation occurs south of the Contact Fault and decreases from Mt. St. Elias east to
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west. The basic patterns of deformation (fold-and-thrust belt) and exhumation of the
model correspond favorably with those produced by the models. However, the local
structural reorganization is not reproduced by the macroscale models. The structural
evolution of the St. Elias Range will be addressed further in Chapter 5.
The transfer of strain associated with the Yakutat terrane accretion into the Alaska
Range is well documented (Plafker et al., 1994; Estabrook et al., 1992; Matmon et al.,
2006; Meriaux et al., 2009). This strain transfer is well represented within the models
presented here and is the direct result of a early progressive shift in the deformation front
in response to the initiation and evolution of flat slab subduction (Chapter 3). Additional
far field effect are suggested for ongoing deformation within the Mackenzie and
Richardson Ranges of the Canadian Cordilleran (Mazzotti and Hyndman, 2002).
Mazzotti and Hyndman (2002) suggest strain is transferred along a relatively weak lower
crustal decollement approximately 800 km to the northeast of the Yakutat orogeny. The
initial rheological homogeneity, boundary conditions, and spatial dimensions of our
model do not allow the development of these far field effects.
4.5.3 Influence of Thermal Advection, Rheological Weakening, and Erosion
Large-scale (100-1000 km) deformation patterns are related to the temperature
structure driven by subduction related advection (Figures 4.8C and 4.11C). The flat slab
segment of the model alters the observed deformation pattern by shifting the Inlet Orogen
away from the trench (to the northwest in the models).

This is consistent with

observations of other flat slab subduction zones (Figures 4.5, 4.8 and 4.11; Dickinson et
al., 1988; Murphy et al., 1998; Gutscher et al., 2000a; Gutscher, 2001; Mori et al., 2007).
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Furthermore, the Inlet Orogen location can be linked to the down-dip limit of the
frictional sliver, indicating the thermal control on the mechanical behavior of the crust
provides the first-order influence on the spatial and temporal evolution of regional, largescale deformation patterns observed within southern Alaska. The relative dominance of
one orogen over the other after the shift in deformation patterns can be linked to the strain
localization driven by the associated rheological weakening (Figures 4.10 and 4.11).
Small-scale (10-100 km) deformation patterns can be altered by vertical thermal
advection, rheological weakening, development of topography, and erosion. The vertical
advection associated with crustal flow patterns causes a vertical displacement of the
thermal structure into the actively deforming areas. If the displacement is enough, >8 km
(Koons et al., 2002), it effectively thermally thins the strong upper crust, focusing
deformation into these zones. The inclusion of the development of faults and shear zones
by a strain-weakening rheology, and inclusion of an erosion surface boundary condition
both enhance the localization of deformation. The effects of topography, erosion, and
tectonics will be further explored in Chapter 5.
4.5.4 Petrological Implications
The nature of the numerical models presented in this study allows for the easy
extraction of pressure-temperature-time (P-T-t) paths for the direct comparison and
prediction of the petrological evolution of southern Alaska (Figure 4.19). The divergence
of flow paths related to the structural reorganization can be seen in the predicted P-T-t
paths. The path for the Inlet orogen encounters a maximum of subgreenschist facies
conditions (<300 ºC and 0.4 GPa), while the path leading to the Outlet orogen encounter
104

Figure 4.19. Model P-T paths.
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amphibolites conditions (600 ºC and 0.8 GPa), given enough time for exhumation (>10
Ma). Material associated with the slab, within 5-10 km of the top of the Pacific block,
will not be exhumed in either orogen. The maximum P-T conditions of material within
the Inlet orogen are not favorable to the production of partial melting, suggesting the melt
enhanced weakening does not play a significant role in the St. Elias orogen (e.g.
Beaumont et al., 2004).
4.5.5 Tectonics Implications
The simplest prediction of the modeling presented herein is the large-scale
reorganization of deformation resulting from the transition to flat slab subduction. The
temporal and spatial reorganization of the orogen with continuing convergence is well
supported by the structural geology and uplift history observations. The model results
can be scaled allowing for direct comparison to other areas suspected of being dominated
by flat slab subduction. This scaling and comparison relies on the relationship between
the patterns of deformation, rheology, and the tectonics.
Elsewhere, the combination of structural reorganization of deformation patterns,
development of thick sedimentary basins, and a gap in volcanism have also been
recognized in the Andes (Gutscher et al., 2000a), central Mexico (Mori et al., 2007),
Japan (Gutscher, 2001), and southern Alaska (Plafker and Berg, 1994). These features
have all been associated with shallow angle or flat slab subduction. The Paleozoic (415360 Ma) Acadian Orogeny in northern New England and eastern Canada was driven
oblique convergence between Laurentia and Gondwana (Figure 4.20A; Williams, 1979).
The temporal evolution of strain patterns indicates a progressive 600-km shift away from
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Figure 4.20. Tectonics of terrane accretion.
Figure 4.20. Tectonics of terrane accretion. Comparison of schematic cross sections of
the A) Acadian (after Murphy et al., 1998), B), Laramide (after Bird, 1998), and C) St.
Elias (after Koons et al., in review) orogens showing approximate locations and timing of
deformation fronts.

107

early deformation in the foreland westward (Bradley et al, 2001).

Additionally, a

temporal gap in magmatism is apparent during the Early to Mid Devonian (395-380 Ma;
Murphy et al 1999).

This pattern of shifting the deformation patterns and magmatic

quiescence are characteristic of flat slab subduction.
The early stages of terrane accretion are captured in both the geology and
numerical modeling of southern Alaska. However, these observations can be used to
develop a more complete evolutionary model with the inclusion of additional data from
other well-characterized flat slab subduction zones.

The Laramide Orogeny (late

Cretaceous to Eocene; 75-40 Ma was the final phase of the Cordilleran that drove broad
anticlinal uplift of Precambrian crystalline basement in Colorado and Wyoming (Figure
4.20B). The deformation front migrated eastward away from the fore-arc approximately
700 km during the initial 10 million years, much further to the east than previous Sevier
belt deformation. Thick sequences of syn-orogenic sediments were accumulated within
basins formed between these broad anticlinal uplifts (Dickinson et al., 1988).
Additionally, this phase of deformation is accompanied by a temporal and spatial break in
volcanism. This has long been interpreted as the result of shallow subduction of the Kula
and Farallon Plates due to abnormally high convergence rates or interaction with a mantle
plume (Dickinson and Snyder, 1978; Murphy et al., 1998).

The shallow angle of

subduction creates a much broader thermal anomaly and wider seismogenic zone,
allowing for strain to be transferred much further inboard than for a much steeper
subduction angle. After 40 Ma, magmatism resumed within the fore-arc area, suggesting
an end to the flat slab subduction.
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4.6 Conclusions
Numerical models of the accretion of the Yakutat terrane onto southern Alaska
produces deformation patterns that are characterized by temporal and spatial
reorganization of deformation patterns. The location of the structural reorganization is
linked to thermal and rheological perturbations associated with the accretion and partial
shallow subduction of the buoyant Yakutat terrane. These model results capture the
evolution the entire orogen remarkably well and are supported by independent geological
observations. The deformation patterns provide a characteristic view of terrane accretion
that allows for scaling to other suspect locations of flat slab subduction or terrane
accretion. Addition derived information, such as the petrologic evolution of the model,
can provide useful information allowing for interpretation of ancient patterns. Overall,
the combination of the information from geological observations and numerical modeling
from southern Alaska, as well as other recognized and well characterized locations, has
been used to develop a qualitative model of the tectonics of terrane accretion suggesting
an intimate link between tectonics, rheology, and climate.
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Chapter 5 : Mesoscale Geodynamics of Southern Alaska

5.1 Introduction
An enduring question of landscape evolution regards the relative role of surface
versus tectonic processes in influencing topographic and geological evolution of
convergent orogens. Clearly both are involved at the orogen scale where strongly
asymmetric orographic gradients impose major flux control on orogen evolution (e.g.
Koons, 1990; Willett et al., 1992; Whipple, 2009), as well as at catchment scale of local
response to intense erosion (Zeitler et al., 2001; Stewart et al., 2008; Enkelmann et al.,
2009). In some instances where the rheological-erosional feedback persists, local tectonic
aneurysm

behavior can

produce massive

topographic relief

associated

with

decompression melting, as in the two Himalayan syntaxes (Koons et al., 2002). The
nature of the non-linear, positive feedbacks among erosion and tectonic processes that
produce an aneurysm means that the initial stages of strain concentration are rarely
observed. Consequently, the chicken and egg discussion of what controls exhumation
(e.g. England and Molnar, 1990) seldom has an opportunity of resolution in evolved
aneurysm settings. In the eastern and western syntaxes of the India-Asia collision zone,
the Indus and Tsangpo Rivers cut through the high elevation areas of the Nanga Parbat
and Namche Barwa Massifs, respectively, producing local reliefs of >7000 m. This
extreme local relief perturbs vertical normal and shear stress, allowing focusing of strain
into the valleys. These large river systems efficiently transport material out of the
Himalayan orogen, amplifying the localization of strain and uplift (Zeitler et al., 2001;
Koons et al., 2002). Erosion acts to focus advective flow of material through the crust,
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causing a zone of high thermal advection, which locally weakens the crust by thinning
the high strength upper crust. The nature of this feedback is well characterized in mature
settings, such as in the eastern and west syntaxes of the Himalayan orogen, however the
early stages have rarely been characterized in nature. In southern Alaska, where rapid,
glacially-driven exhumation is associated with anomalous thermochronological data
showing rapid cooling (Enkelmann et al., 2009), we have an opportunity to identify the
controlling parameter for initiation of aneurysm behavior in at least one orogen.

5.2 Numerical Modeling Methods
Presented here is the embedded portion of this macroscale model that focuses on
the influence of natural topography and erosion on the <5-km scale (mesoscale) thermal
and mechanical evolution of the St. Elias Range. The embedded model encompasses the
area of the St. Elias Range (640km x 890km x 20km) with discretization on an
approximately 5 by 5 km horizontal and 2 km vertical grid (Figure 2.3).

The entire

model domain is defined with an isotropic conductive-advective thermal model and
Mohr-Coulomb (~upper 15 km) and thermally-defined plastic yield condition (~lower 5
km) mechanical models. For further description of the numerical methods please see
Chapter 2 and Appendix A.
Initial velocity conditions are imposed on the base of the model over an area
corresponding to the spatial extent of the Yakutat terrane (south of the Chugach-St. Elias
Fault and west of the Fairweather Fault; Figure 5.1) consistent with the observed motions
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of the Yakutat terrane and Pacific plate (Figure 2.3; ~45 mm/yr; De Mets et al., 1994;
Fletcher and Freymueller, 1999). All deformation within the model is driven by this
imposed drag along the base (tectonic boundary conditions), which is spatially defined by
geological observations and previous macroscale tectonic modeling (Chapter 4).
The mesoscale modeling path first develops a reference Tectonic model in the
absence of topography or erosion; then the natural topography (Topographic Model) and
an erosion scheme (Erosion Model) are successively applied as initial boundary
conditions. The present topography, including bathymetry, was derived from a global 1minute DEM sampled at the model discretization (Figure 5.1; Smith and Sandwell,
1997). To emphasize the influence of erosion, vigorous erosional conditions are applied
based upon the spatial extent of current glaciations (Figure 5.1) and are based on the
assumption that glacial erosion maintains a near constant elevation during exhumation
(Hallet et al, 1996; Meigs and Sauber, 2000).

5.3 Mesoscale Modeling Results
5.3.1 Mechanical Results
The development of the characteristic features of the deformation field within the
simple Tectonic reference model are driven entirely by the tectonic boundary conditions.
These modeled deformation patterns are consistent with the characteristic signal of corner
geometries found in accretionary tectonic settings where the margins of the accreting
terrane affect the regional strain patterns. A maximum in the horizontal
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Figure 5.1. Mesoscale surface boundary conditions.
Figure 5.1. Mesoscale surface boundary conditions. A) Contour plot of the DEM used
for the Topographic model. White arrows and dashed line indicate the vector and extent
of the basal velocity conditions based upon defined northern and eastern limits of the
Yakutat block (e.g. Plafker et al., 1995; Pavlis et al., 2004) and its measured velocity
(Fletcher and Freymueller, 1999). Locations of important feature are used in later plots
for spatial reference. B) Approximate locations of important glacial systems (shaded
white) and Erosion model surface conditions (black boxes).
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strain occurs along the eastern lateral boundary of the Yakutat terrane, consistent with the
large-scale, dextral Fairweather Fault system (εXY; Figure 5.2A). The vertical Cartesian
strain components (see Appendix D) demonstrate the transition from lateral dextral
transform motion (εXZ; Figure 5.2B) to the development of a convergent orogenic wedge
(εYZ; Figure 5.2C) defined by oppositely dipping thrust faults. The total strain (shear
strain; Figure 5.2D) reaches a maximum within the tectonic corner structure, which is
defined by the kinematics as the relative rotation of velocity vectors (Figure 5.3A) and
principle stresses (Animation 5.1; please see Appendix B for captions for all animations)
from transform motion to convergence. The zone of highest vertical uplift is spatially
consistent with the transition from dextral transform strain along the Fairweather fault to
the convergent strain associated with the development of an orogenic wedge within the
St. Elias Range (Figure 5.3B and C). There is a 40-60 ºC vertical deflection of the
thermal structure of the model corresponding to the area of highest uplift (Figure 5.3C).
The Topographic model results produce a similar strain pattern as the Tectonic
model. This includes the development of a dextral transform fault spatially associated
with the Fairweather Fault (Figure 5.4A). As the lateral shear zone continues to the
northwest, the strain becomes more oblique (Figure 5.4B) and eventually bifurcates into a
two sided convergent orogenic wedge that is defined by oppositely dipping convergent
strain shear zones (Figure 5.4C) coinciding with the Chugach-St. Elias Range. The shear
zones define oppositely dipping thrust faults located south and north of the highest peaks,
the Mt. St. Elias and Mt. Logan, respectively. The maximum strain (Figure 5.4D),
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Figure 5.2. Tectonic model strain patterns.
Figure 5.2. Tectonic model strain patterns. Contour plots of the Cartesian strain
components A) εxy (horizontal strain, i.e. transform faults), B) εxz (north-south vertical
strain, i.e. thrust faults), and C) εyz (east-west vertical strain, i.e. thrust faults), and D)
shear strain increment. These and subsequent plots are horizontal planes taken at 5 km
below sea level. Noted are the locations of the Alaskan coastline, Mt. St. Elias, Mt.
Logan, Mt. Wrangell, and Mt. Fairweather (stars). See Figure 5.1 for location details.
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Figure 5.3. Tectonic model uplift and thermal patterns.
Figure 5.3. Tectonic model uplift and thermal patterns. A) Velocity vector (myr-1) plot
overlain on contours of displacement (km), contours of B) vertical velocity (mmyr-1;
maximum of 5.5 myr-1), C) vertical displacement (m), and D) temperature (°C).
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rotation of velocity vectors (Figure 5.5A) and principle stresses (Animation 5.2) again
occurs in the corner structure defined by the transition from transcurrent to convergent
deformation. This area of maximum deformation has uplift rates of ~5 mm/yr (Figure
5.5B), a total vertical displacement of 2933 meters (Figure 5.5C), and a 60-80 ºC vertical
deflection of the thermal structure, similar to the Tectonic model (Figure 5.5D).
However, the presence of topography causes the deformation patterns to diverge relative
to the basic characteristic signal of the Tectonic model by shifting the southward dipping
high strain zone toward the coast, and increasingly focused uplift in the MalaspinaSeward glacier areas (Figure 5.4C). The perturbation of the deformation pattern can be
related to changes to the vertical normal (σzz) and shear stresses (σxz and σyz) related to
the increased load due to the presence of topography (Figure 5.6A and B). Topography
creates higher normal vertical stresses associated with the peaks and higher vertical shear
stress associated with the slopes and valleys.
The mechanical results from the Erosion model are spatially very similar to the
Tectonic model, developing a lateral transform shear zone (Figure 5.7A) that increase in
obliquity into the tectonic corner (Figure 5.7B) eventually bifurcating into and orogenic
wedge defined by oppositely dipping shear zones (5.7C). The zone of highest strain
(Figure 5.7D) is consistent with the rotation of velocity vectors (Figure 5.8A) and
principle stress axes (Animation 5.3) due to the progressive change from transcurrent to
convergent deformation. The Erosional model departs from the Tectonic model in rate
(Figure 5.8B) and magnitude (Figure 5.8C) of uplift and the advective thermal signal
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Figure 5.4. Topographic model strain patterns.
Figure 5.4. Topographic model strain patterns. Contour plots of the Cartesian strain
components A) εxy, B) εxz, and C) εyz, and D) shear strain increment. Compare with
Figure 5.2.
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Figure 5.5. Topographic model uplift and thermal patterns.
Figure 5.5. Topographic model uplift and thermal patterns. A) Velocity vector (myr-1)
plot overlain on contours of displacement (km), contours of B) vertical velocity (mmyr-1;
maximum of 5.0 myr-1), C) vertical displacement (m), and D) temperature (°C). of the
model kinematic results overlain on the topographic results. Compare with Figure 5.3.
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Figure 5.6. Comparison of vertical stresses.
Figure 5.6. Vertical stresses due to topography. Contour plots of the vertical stress index
(VSI; see Appendix C for further explanation) for the Topographic model. VSI is a ratio
of vertical shear to vertical normal stresses and can be related to effect of topographic
load. Note the plot is taken at 1 km below sea level, the portion of the plot in the
southeastern corner has a bathymetric depth below the cutting plane. See Appendix D for
further information.
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(Figure 5.8D). The presence of erosion within the Seward Glacier area, consistent with
the tectonic drives faster uplift rates (Figure 5.8B; ~0.007 myr-1). The deflection of the
isothermal structure mirrors the faster uplift rates, with a ~90 ºC increase in temperature
in the corner at 5 km depth (Figure 5.8D).
5.3.2 Petrologic Implications
Particle trajectories through the orogen are easily extracted from the model and
yield P-T data that can be directly compared to the petrologic and thermochronologic
patterns observed in southern Alaska (Figure 5.9). The highest P-T conditions of the
mesoscale model correspond to the lower greenschist facies (~400 ºC and 675 MPa),
however, the particles that are exhumed within the actively deforming orogenic wedge
have not experienced conditions much past the transition from subgreenschist to
greenschist facies (~220 to 250 ºC at <270 MPa). Within the main portion of the
orogenic wedge, to the west of Mt. St. Elias and Mt. Logan, a pattern develops in the
maximum conditions the particles encountered while advecting through the model
(Figure 5.10). Material exhumed to the south of the main area of uplift does reach
conditions above 100 ºC and originated <5 km below sea level (<150 MPa). Material
that reached the maximum P-T conditions, upper subgreenschist to lower greenschist
facies, is exhumed within the main area of deformation. The maximum conditions
decrease again to the north.

This pattern has implications to the observed

thermochronologic record, which is discussed further below.
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Figure 5.7. Erosion model strain patterns.
Figure 5.7. Erosion model strain patterns. Contour plots of the Cartesian strain
components A) εxy, B) εxz, and C) εyz, and D) shear strain increment. Compare with
Figures 5.2 and 5.4.
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Figure 5.8. Erosion model uplift and thermal patterns.
Figure 5.8. Erosion model uplift and thermal patterns. A) Velocity vector (myr-1) plot
overlain on contours of displacement (km), contours of B) vertical velocity (mmyr-1;
maximum of 6.8 myr-1), C) vertical displacement (m), and D) temperature (°C). of the
model kinematic results overlain on the topographic results. Compare with Figures 5.3
and 5.5.
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Figure 5.9. Model P-T paths.
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Decompression melting within the western syntaxis of the Himalaya has produced
very young intrusions (<1 Ma) that are currently exposed at <4000 km elevation on
Nanga Parbat (e.g. Koons et al., 2002). These partial melts greatly reduce the strength of
the crust and allow from further strain accumulation.

The thermal structure in the

Topographic model is deflected by up to 60-80 ºC (~4 km vertical displacement) and the
Erosion model is deflected 80-100 ºC within the tectonic corner structure (Figures 5.6
and 5.8). This deflection is not enough to produce decompression melting within this
narrow zone at the depth of the model geometry (20 km; Figure 2.2). At that depth and
pressure (20km and ~700 MPa, respectively), the water saturated solidus of granite is
~625 ºC, about 225 ºC above the temperature at the base, given the model geothermal
gradient. The current model run length is 0.5 Myr; continued convergence for another 2
Myr may produce a large enough advective signal to allow for decompression melting
within the corner structure. Alternatively, the thickness of the crust may maintain crustal
temperatures below those necessary for anatexis.

5.4 Discussion of Model Results
5.4.1 Role of Erosion
The tectonic aneurysm, as developed with respect to the eastern and western
syntaxes of the Himalayan orogen, utilizes fast, efficient fluvial erosion to focus crustal
flow and strain into the river valleys. The focused crustal flow drives thermal advection,
which acts to thin the strength bearing upper crust. The Erosion model shows the early
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Figure 5.10. Maximum modeled metamorphic conditions.
Figure 5.10. Maximum modeled metamorphic conditions. Contour plot of maximum PT conditions encountered by material exhumed in the Topographic model. Note the inset
of vertical displacement is taken from Figure 5.5B.
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stages of enhanced focusing of strain, by approximately 50%, resulting in increased
magnitude of uplift (0.007 myr-1). However, the inclusion of erosion does not alter the
spatial distribution of strain significantly, indicating that erosion does not provide a major
influence over the deformation patterns. This indicates that the initial stages of a tectonic
aneurysm are linked to the focusing of strain due to the tectonic geometry, and erosion
enhances the development by further focusing crustal flow.
5.4.2 Comparison with Thermochronology
The modeled mechanical evolution of the St. Elias orogen indicates the presence
of a tectonic corner, enhanced by high topography and efficient glacial erosion,
influences focusing of strain and rock uplift within a narrow zone (Figures 5.3, 5.6, and
5.8). The areas with the highest strain rates are also the areas with the highest vertical
velocities, resulting in localized thermal advection and compression of the isothermal
structure. The location of this modeled thermal perturbation corresponds with the location
of young zircon FT ages derived from detrital deposits of the Seward Glacier (Figures
5.3, 5.6, and 5.8). Zircon fission track (FT) ages from detrital material transported by the
Seward-Malaspina glacier system revealed exceptional high cooling rates of 150–300
°C/Ma underneath the Seward Glacier (Enkelmann et al., 2009), suggesting the location
of a zone with intense rock exhumation and resultant thermal perturbation (Figure 5.11).
The modeled area of intense rock exhumation extends eastward from the Seward Glacier
into the area of Yakutat Bay. Unfortunately, thermochronologic data are sparse in this
area and no detrital data exist that give evidence about the cooling history of these ice
covered valleys. However, the 4.5 Ma zircon FT and young hornblende
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40

Ar/39Ar ages

(~19 Ma; ~500 °C closure temperature; Sisson et al., 2003) of a bedrock samples from the
ridge north of Yakutat Bay (McAleer et al., 2009) might hint that the ice covered rocks of
this area experience a similar fast cooling as the rocks located underneath the Seward
Glacier.

The location of the modeled aneurysm, as defined by modeled strain and

thermal patterns, is consistent with the thermochronological record.
Besides the Seward Glacier area, relative fast cooling of 100-120 °C/Myr is
revealed in a narrow band along the Fairweather transform fault (O’Sullivan et al, 1995;
McAleer et al., 2009), and in the fold-and-thrust belt, west of the Malaspina Glacier (e.g.
Spotila et al., 2004; Berger et al., 2008a; Berger et al., 2008b; Berger and Spotila, 2008).
Bedrock apatite (U-Th)/He ages of <2 Ma occur along the windward flanks of the orogen
that receive precipitation rates of >5 m/yr, whereas bedrock ages from the northern and
much dryer Chugach terrane are significantly older (30-9 Ma; e.g. Spotila et al., 2004;
Berger et al., 2008a). This age pattern led to the conclusion that the Chugach terrane
forms the deformational backstop and the Contact fault was suggested to have developed
as a back thrust underneath the Bagley Ice field–Seward Glacier (Berger et al., 2008a;
Berger et al., 2008b; Berger and Spotila, 2008). This interpretation, however, conflicts
with apatite and zircon FT results that revealed several phases of Miocene and Pliocene
exhumation within the Chugach terrane with a general trend of younging towards the
south, suggesting instead that the Wrangellia terrane forms the backstop, and the Bagley
Ice Field structure is within the deforming zone (O’Sullivan and Currie, 1996;
Enkelmann et al., 2008). The thermochronological record is consistent with this tectonic
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Figure 5.11. Plot of thermochronological data.
Figure 5.11. Plot of thermochronological data. Colored contours are cooling rates after
Berger and Spotilla (2008), shaded area indicates the location of Seward-Malaspina
glacier system (Enkelmann et al., 2008; Enkelmann et al., 2009). Precipitation rate after
Enkelmann et al., 2008). Thermochronological data overlain on vertical uplift rate (Vz;
myr-1) from the Tectonic model. See text for additional details.
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signal, recording uplift and cooling within the orogenic wedge (Figures 5.10 and 5.11).
The cooling rate increases to the east and culminates with a maximum in corner structure
in the area associated with the Seward Glacier (Enkelmann et al., 2009). Additionally,
the asymmetric orographic precipitation alters this pattern by increasing erosion on the
windward side of the St. Elias Range; producing the age discordance pattern with a signal
that partially masks the more subtle signal on the drier, northern flank of the orogen.
The closure temperatures of the methods (apatite (U-Th)/He closure temperature
~70-90 °C and zircon FT closure temperature ~200-250 °C; Berger et al., 2008a; Berger
et al., 2008b; Enkelmann et al., 2008) of the thermochronology studies can be used to
compare the particle flow paths produced by the models with the natural geologic
example (Figure 5.10 and 5.11). The models produce a thermal pattern where rocks
along the coast and to the north of the main area of deformation do not have reset apatite
(U-Th)/He ages indicating they did not reach the 70-90 °C closure temperature, whereas
Rocks exhumed within the central portion of the orogenic wedge have reset apatite (UTh)/He ages. This pattern is consistent with the observed pattern in the St. Elias and
Chugach Ranges.
5.4.3 Comparison with Structural Geology
Beginning during the Miocene, the impingement and attempted subduction of the
Yakutat Terrane onto southern Alaska has been driving uplift within the Chugach,
Fairweather, Kenai, and St. Elias Ranges in the Northern Cordillera (O’Sullivan and
Currie, 1996; Bruhn et al., 2004; Pavlis et al., 2004). The structural evolution of this
orogen varies along strike east to west, forming three distinct structural zones with all
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deformation partitioned into major transform and thrust fault systems (Bruhn et al., 2004;
Chapman et al., 2008). The eastern margin of this orogen is bounded by the dextral
Fairweather Fault. Transcurrent motion associated with this fault, as well as minor thrust
faulting, is responsible for the uplift and deformation associated with the relatively
narrow Fairweather Range. The dominant mode of deformation gradually becomes more
oblique into the central portion of the orogen. The central zone is separated from the
eastern zone by the Pamplona zone (offshore) and the Malaspina Fault (onshore) thought
to be the eastern extension of the Aleutian subduction zone (Plafker et al., 1994).
Alternatively, this zone may represent a younger deformation front associated with a
structural reorganization during the Pliocene (Chapman et al., 2008).
Deformation within the central zone is characterized by dextral transpression with
central thrusting of the Yakutat terrane along the Chugach-St. Elias, Hope Creek,
Sullivan, and unnamed offshore thrust faults forming a thin skinned fold-and-thrust belt
that absorbs at least 82 km (53%) shortening (Bruhn et al., 2004; Pavlis et al., 2004;
Chapman et al., 2008; Meigs et al, 2008). The later three thrust sheets are younger to
south and splay from a decollement located within the basal part of the Yakutat cover
rock sequence (Meigs et al., 2008). Localized dextral strike-slip motion is restricted to
the hanging-walls of the thrust sheets or dissipated by later superimposed oblique
thrusting (Bruhn et al., 1994; Pavlis et al., 1994). Early deformation within the fold-andthrust belt is generally oriented orthogonal to margin of southern Alaska and oblique to
motion of the Yakutat Terrane (Pavlis et al., 1994; Chapman et al., 2008). This earlier
deformation pattern is overprinted by later northeast trending thrust faults (Chapman et
al., 2008).
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The basal unit of the Yakutat Terrane cover sequence is the Kulthieth Formation,
an early Oligocene to early Eocene (~55-28 Ma) sequence of a marine regressive
sequence of arkosic sandstone with minor coal beds with recognizable non-marine
alluvial, delta plain, and shallow marine facies (Plafker, 1987; Meigs et al., 2008). The
Kulthieth Formation is conformably overlain by the marine transgressive siltstone and
sandstones and interbedded volcanic rocks of the late Eocene to early Miocene (~40-5.6
Ma) Poul Creek Formation (Plafker, 1987; Lagoe et al., 1993). The provenance of the
Poul Creek Formation has been interpreted as pre-orogenic strata of the Chugach
Terrane, likely from British Columbia, and has been suggested to have been deposited
during the northward translation of the Yakutat Terrane (Plafker et al., 1994; Bruns,
1983; Perry et al., 2009). The sequence is capped by the synorogenic deposits of the
Yakutaga Formation deposited in response to Miocene orogenesis of the St. Elias Range
(<5.6 Ma to present; Plafker, 1987; Eyles et al., 1991; Lagoe et al., 1993; Zellers, 1993;
Zellers, 1995; Meigs et al., 2008). Timing of the development of these thrust seem to
correspond with major tectonic events. Emplacement of the oldest thrust sheet, the Hope
Creek thrust, is difficult to determine, however, it had to be after the initial deposition of
the Poul Creek Formation (<~40 Ma and >5.6 Ma; Meigs et al., 2008) and is likely
related to the initial stages of convergence of the Yakutat Terrane. This was followed by
the Sullivan thrust at ~6 Ma, consistent with foreland basin development and the
deposition of the Yakutaga Formation. Finally, the unnamed offshore thrust consists of
two fault cored anticlines that formed at 1.8 and 0.25 Ma, consistent with the timing of
the reorganization of deformation associated with Pliocene to Pleistocene glaciations
(Gulick et al., 2007; Worthington et al., 2008; Berger et al., 2008a). The fold-and-thrust
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belt is most deeply eroded on windward side of the orogen, south of the Contact Fault,
with less deformation and erosion on the leeward side, however this pattern cannot
distinguish between tectonic versus orographic effects (Meigs et al., 2008; Berger et al.,
2008a). Additionally, metamorphic grade increases to east peaking at amphibolites near
Mt. St. Elias (Dusel-Bacon et al.,1994) reflecting an along strike pattern to the
exhumation (Sisson et al., 1989).
The western portion of the orogen, within the Cook Inlet region, consists of
complex dextral transpressive thrusting and fault-propagated anticlinal folding around
dipping hinge lines causing shortening and extension within the sedimentary cover
accreted onto overriding plate of the Aleutian subduction zone (Bruhn et al., 2004; Bruhn
and Haeussler, 2006). The area records the complex interaction between dextral shearing
and horizontal shortening driven by terrane accretion and compressive thrust-related
strain of the subduction zone. This leads to temporally variable stress fields that are on
the interval of the large seismic releases (Bruhn and Haeussler, 2006).

Interplate

seismicity during 1987-1992 within the Pacific Plate reflects internal deformation due to
changes in stress state between the subduction zone to the west and convergent boundary
to the east (Pegler and Das, 1996).
The modeled fault and uplift patterns compare favorably with the natural mapped
fault patterns and geologic observations of the orogen. The location of stain maxima can
be used to predict fault patterns and potential for seismic hazards (Figure 5.12). All
models develop a similar pattern of a dextral transform fault bounding the eastern margin
of the Yakutat terrane. This fault bifurcates and the principle stresses rotate at the
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tectonic corner, with a transition of the dominant model of deformation from transcurrent
to compressional.

An orogenic wedge, defined by oppositely dipping thrust faults,

continues from the corner to the west. The transcurrent strain continues to the northwest,
resulting in subdued uplift (<0.002 m/yr) within the Wrangell Mountains.

This is

consistent with the transfer of strain northward along the Totschunda Fault, which links
the Fairweather to the Denali Faults and is potentially responsible for the 2002 magnitude
7.9 Denali Fault earthquake (e.g. Plafker et al., 1977; Matmon et al., 2006; Kalbas et al.,
2007).

5.5 Tectonic Aneurysm
Coupling between the faster uplift rates, erosive thinning, and vertical advection
of hot material upward weakens the strong upper crust. This weakening initiates the nonlinear feedback responsible for triggering a tectonic aneurysm. Deformed syn-collisional
deposits in the fold-and-thrust belt revealed a localized fast exhuming rock source existed
already 3 to 4 Ma ago (Enkelmann et al., 2008). Assuming that this sediment source was
the same as today, we suggest that the observed tectonic ‘aneurysm’ at the Yakutat
collision corner existed since the Pliocene and is thus not a response that developed due
to Quaternary climate. Including the topography and glacial erosion, the mesoscale
modeling suggests that a local perturbation of the thermal structure sufficient to produce
a thermochronological and deformational record similar to the observations from
southern Alaska can develop within 5 million years, or within the first ~50% of the
Yakutat convergence.
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Figure 5.12. Comparison of interpreted and modeled faults.
Figure 5.12. Comparison of interpreted and modeled faults. Blue lines indicate
interpreted faults formed within the Topographic model and red lines indicate mapped or
interpreted fault traces. Moment tensor solutions are plotted to suggest mode of
deformation observed within the model results.
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5.6 Conclusions
The thermal-mechanical models presented here utilize simple boundary
conditions and capture most of the variance in the signal of an oblique nonterminal
collision. This signal includes the formation of a strain maxima in the tectonic corner
structure spatially associated with the Seward Glacier area. Inclusion of heterogeneities
in surface topography and erosion provide minor alteration to these tectonically
developed strain patterns and captures remarkably well the evolution of local topography,
observed fault zones, and cooling age patterns (Figures 5.10 through 5.12). In particular,
the models reveal focused uplift that perturbs the thermal structure in the tectonic corner
to the east of the present high topography. This pattern of focused strain demonstrates
the first order control provided by the tectonic geometry on the focusing of strain and the
secondary influence of topographic load and erosion. The models produce an incipient
thermal perturbation that is consistent with a tectonic ‘aneurysm’, supporting the
thermochronological evidence given by detrital samples for focused exhumation
underneath the Seward Glacier.
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Chapter 6 : Geodynamics of Terrane Accretion

The numerical modeling results presented herein provide a unique view of the
temporal and spatial evolution of southern Alaska that can be easily translated to other
locations of suspect terrane accretion or flat slab subduction. This is accomplished
through the development of a qualitative model that relies on natural geological
observations (e.g. Pavlis et al., 2004; Enkelmann et al., 2008), numerical modeling results
(e.g. Koons et al., 2009), and related studies (e.g. Eberhart-Philips et al., 2006; Fuis et al.,
2008) to predict the observed associated features of the oblique collision and accretion,
including spatial and temporal deformation and uplift patterns, petrological evolution,
and multi-scale landscape development. Additionally, modeling results and information
gleaned from studies of other orogens (Himalaya, Andes, Tibet, Southern Alps,
Laramide, and Acadian) were used to aid the development of this qualitative model of
terrane accretion.

The early stages of deformation during terrane accretion are a function of the
relationship between the rate of convergence, buoyancy of the down-going plate, and
mechanical coupling between the plates. Each of these variables evolves with time and
can vary spatially. For instance, within southern Alaska, the characteristic of the downgoing slab varies from relatively ordinary oceanic lithosphere in the west to a thickened
oceanic plateau in the east (Pavlis et al., 2004; Eberhart-Phillips et al., 2006). The
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increasing thickness of the lithosphere causes a change in buoyancy that allows for a
higher degree of mechanical coupling between the plates. With increasing convergence,
the plate buoyancy eventually slows the rate of convergence and locks the subduction
zone (e.g. Huang et al., 2000; Huang et al., 2006). The initial stages of terrane accretion
in southern Alaska involve the impending collision of a micro-continent (i.e. the Yakutat
terrane) with a large continent at a long standing subduction zone at an oblique angle of
convergence (Figure 6.1; Plafker et al., 1994; Pavlis et al., 2004). The initial patterns of
deformation are dominated by compression associated with subduction forming a
relatively narrow zone of thrusting near the trench associated with formation of an
accretionary wedge.

Additionally, a narrow calc-alkaline volcanic arc forms inland

above the down-going slab.

The pre-collisional history of the terranes can be important to the collisional
deformation patterns. For instance, in the Himalayan orogen, subduction, magmatism,
previous terrane accretion events, and crustal thickening over millions of years weakened
the lower crust (e.g. Yin and Harrison, 2000; Tapponnier et al., 2001). This weak lower
crust created a weak coupling between the Indian and Eurasian plates allowing for far
field deformation and the formation of the Tibetan Plateau (Gerbault et al., 2005). A
similar relationship between weak lower crust, weak coupling, and the formation of a
broad plateau is seen in the Altaplano of the Central Andes (Gutscher et al., 2000a). In
southern Alaska, in contrast, thermal advection associated with the long standing
subduction zone has cooled and strengthened the lower crust prior to the accretion event
creating a zone of strong coupling. The strong coupling favors the formation of a
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Figure 6.1. Initial stages of convergence.
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relatively narrow, thin-skinned fold and thrust belt associated with the accretionary prism
(Figure 6.1).

The angle of the down-going slab begins to shallow as the thickened oceanic crust
begins to be subducted (Figure 6.2). This shallow, or flat slab angle propagates away
from the thickened oceanic crust is subducted leading to the displacement of the hot
mantle wedge and ultimately the inversion of the slab at depth and displacement (Figure
6.3). The deformation front within the overriding plate will track the leading edge of the
flat slab, gradually migrating away from the trench, similar to the observations with the
Acadian (Murphy et al., 1999) and Laramide orogens (Dickinson et al., 1988). The
lateral margins of this deformation front may form large-scale transform faults as in the
eastern margin of the St. Elias Range, or may show a more gradual curvature of the
deformation patterns, similar to the western margin of the flat slab segment of the
Aleutian subduction zone. The final distal location of the deformation front is controlled
thermally by the spatial location of the transition to eclogite facies metamorphism, which
corresponds to a densification, loss of buoyancy, and eventual foundering of the slab (e.g.
Gutscher et al., 2000a; Kearney et al., 2009). In addition to the shift in deformation, the
initial calc-alkaline volcanism is replaced by adakitic or tholeiitic volcanism associated
the lateral margins of the slab (i.e. leaky transform faults), which also migrates away
from the trench (Gutscher et al., 2000b). With the final displacement of the mantle
wedge, all volcanism stops creating a volcanic gap as observed between Mount Spurr and
the Wrangell volcanics.
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Figure 6.2. Initial flat slab subduction.
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Figure 6.3. Reorganization of deformation patterns.
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The propagation and establishment of the flat-slab subduction drives
northwestward migration of Wrangell block, which is accommodated by dextral motion
of the Denali fault and uplift and deformation within the Alaska Range fold-and-thrust
belt (Bruhn and Haeussler, 2006; Matmon et al., 2006; Meriaux et al., 2009). Additional
far field deformation within the Mackenzie and Richardson Mountains, Canadian Yukon,
is translated by a decollement in the hot, weak lower crust (Mazzotti et al., 2002). This
progressive development of far field deformation tracks the replacement of weak lower
crust capable of transferring strain over long distances with a relatively cold, strong lower
crust due to shallowing subduction and displacement of mantle wedge. The thermal
structure of the subduction zone is perturbed by offsetting the mantle wedge flow away
from the trench, resulting in an overall cooling. Cooling, or tectonic refrigeration, of the
lower crust alters the patterns of metamorphism associated with subduction resulting in a
widening of the seismogenic zone and shutting off the magmatism by either dehydrating
or sufficiently cooling the mantle wedge and lower crust. Alteration of the lower crust
strength and the development of the frictional sliver facilitate a structural reorganization
within the orogen.

The basement complex of the Yakutat terrane is subducting while the upper ~5-15
km thick sedimentary cover is incorporated within the evolving thin-skinned foreland
fold and thrust belt (e.g. Chapman et al., 2008). This deformation pattern is similar to
that observed in Taiwan: the formation of a fold-and-thrust belt outboard of and
incorporating the accretionary prism (Huang et al., 2000; Huang et al., 2006). The
evolving rheology of the lower crust, forming the strong frictional sliver, favors the
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formation of a narrow zone of strain forming a localized fold and thrust belt (Royden,
1996; Ellis et al., 1998; Ellis et al., 2004; Babeyko and Sobolev, 2005). The continued
convergence and subduction of the Yakutat basement complex allows for excess strain to
be transferred along the lateral dextral transform fault system into the fold-and-thrust belt
associated with the Alaska Range (Meriaux et al., 2009; Matmon et al., 2004; Meigs and
Sauber, 2000). Uplift and thrusting within both of these zones would thicken and flex the
crust, creating foreland and back arc basins (Dickinson, 1974; Flemings and Jordan,
1990; Jordan and Watts, 2005). These basins, such as those in the Gulf of Alaska,
Copper River, and Tanana River, provide an excellent tracer for proximal uplift patterns
and timing.

Evolution of material within the orogen, such as thermal- (Koons, 1987;
Beaumont et al., 1996; Batt and Braun, 1999; Willett, 1999) or strain-weakening (Behn et
al., 2002; Montesi and Zuber, 2003; Nagel and Buck, 2004; Sobolev et al., 2005; Wijn et
al., 2005) reactions, will allow for the development of dual orogenic systems where strain
is accumulated into a trench proximal orogenic wedge. Additionally, metamorphic and
melt-producing reactions can have drastic effects on the strength of the crust (e.g.
Beaumont et al., 2001; Beaumont et al., 2004).

These changes to the rheological

structure, as well as complex interactions with boundary conditions, influence the
evolution of the deformation patterns (Tapponnier et al., 1982; Dewey, 1988; Hodges,
2000).
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After the terrane is fully accreted, the subduction of normal (average) oceanic
lithosphere will resume at the outboard side of the new margin, causing the deformation
patterns and volcanism to eventually reorganize into the previous subduction related
patterns (Figure 6.4) with the resumption of subduction achieved by the foundering of the
oceanic crust outboard of the new continental margin. Silver et al (1983) noted two
thrust faults north of the Banda arc and interpreted these features as precursors to the
reinitiation of subduction following terrane accretion. The new magmatism may be
transitional from subduction related calc-alkaline and terrane accretion associated
adakitic intraplate magmatism (e.g. Gutscher et al., 2000b; Cole et al., 2007), reflecting
the transition of source areas and evolving forearc thermal structure.
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Figure 6.4. Resumption of subduction.
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Chapter 7 : Conclusions

This study has four general conclusions that have important implications for the
growth of coupled orogenic wedges within terrane accretion events, development and
evolution of 3D strain patterns, initiation and growth of tectonic aneurysms, and
relationship between geodynamics and petrologic evolution of the crust.
1)

The geometry of the plate interaction has profound effects on the
partitioning of strain and petrologic evolution of the crust

2)

The thermal structure of the crust has an important first order
influence on the mechanical behavior of the lithosphere

3)

Mechanical heterogeneities, both temporal and spatial, provide
important control on the evolution on how strain is partitioned at
both meso- and macroscales

4)

Surficial processes, such as erosion and mass redistribution,
provide an influence on the mesoscale patterns of deformation.

7.1 Influence of the Thermal Structure
Perturbations to the thermal structure of the lithosphere in southern Alaska,
specifically cooling and strengthening the fore-arc, provides an important primary
influence on its mechanical behavior and deformation patterns.

A long-standing

subduction zone has defined the southern margin of Alaska since at least the end of the
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Cretaceous (Plafker et al., 1994).

Advection associated with the evolving flat-slab

subduction zone conditioned the thermal structure of the lithosphere, influencing a
mechanical strengthening of the fore-arc region over the last few million years. This
strengthening provided a primary control on the associated deformation patterns within
the overriding plate (Chapter 3) that resulted in a recent temporal shift from uplift within
the Alaska Range during the early stages of convergence (>6 Ma) to uplift within the St.
Elias Range during later stages (<6 Ma; Koons et al., 2009).
The vertical advection of material into the actively deforming and uplifting zones
within the overriding crust drives the formation of a local zone with relatively steep
thermal gradients where the crust is hotter than surrounding areas (see Figures 4.xx and
5.xx). The role of temperature in the mechanical behavior of rocks is well characterized
(Brace and Kohlstedt, 1980; Hirth and Tullis, 1992; Gleason and Tullis, 1995; Kohlstedt
et al., 1995; Mackwell et al., 1998; Wijn et al., 2005; Chapter 4). Advection of relatively
hot material into an actively deforming region provides a non-linear feedback that further
weakens the region by thinning the strong upper crust, leading to further focusing of
deformation (Chapter 4). The initial stages of weakening and nonlinear feedback are due
to the accumulation of strain in a tectonic corner structure, driving the initiation of a
tectonic aneurysm in southern Alaska (Hooks et al., in review). Focused zones of strain
provide a control on the overall strength of the crust. An efficient erosional regime,
either fluvial or glacial (Chapter 5) would lead to further feedback weakening driven by
thermally thinning the strong pressure-dependent upper crust by focusing crustal flow
into these weakened zones.
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In addition to altering the mechanical behavior, the zone of extreme uplift, strain
accumulation, and advective perturbations to the thermal structure within the tectonic
corner structure have important implications to the petrological evolution of the crust.
The models indicate the advective vertical deflection of the thermal structure is on the
order of 80-120 ºC (5 to 6 km), with a 150 to 200 MPa reduction in the local pressure.
This deflection is not enough to drive adiabatic melting at depths of less than at least 50
km or pressures of ~1 GPa (e.g. Figures 4.19 and 6.1). Partially molten rocks or resultant
intrusive bodies focus much more strain and alter the partitioning of deformation on a
much larger scale.

7.2 Role of Heterogeneity at the Macroscale
The influence of temporal and spatial heterogeneities to the thermal structure are
described in Chapter 3 and are further developed with the coupling with mechanical
implication in Chapters 4 and 5. As noted in these previous chapters, the thermal and
mechanical structures and boundary conditions of the models are based upon geological
observations (e.g. Fletcher and Freymueller, 1999; Pavlis et al., 2004; Abers et al., 2006;
Eberhart-Philips et al., 2006; Fuis et al., 2008). The perturbations to the mechanical
structure provide a primary influence on the spatial partitioning of strain within the model
orogen.

These thermo-mechanical heterogeneities are developed dynamically as the

model steps, however, pre-existing macroscale geological spatial variations, such as
earlier deformation patterns and relatively strong or weak rock units observed in nature,
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are also important and were not addressed in the modeling completed for this study (e.g.
Yin and Harrison, 2000; Tapponnier et al., 2001; Upton et al., 2009).
There is an obvious scale-dependency on the mechanical heterogeneities in
numerical modeling approaches that restricts the heterogeneities to sizes larger than the
scale of discretization. The fold and thrust deformation of the Alleghenian foreland
within Pennsylvania, Virginia, and Maryland has been suggested to be controlled by the
formation of a decollement within the Lower Cambrian Waynesboro Shale (e.g. Faill and
Nickelsen, 1999). The thickness of this formation, ~1000' (Kauffman, 1999) would be
less than the discretization of even the mesoscale model (5 km vertical). Even modest
variations in strength, which are inherent in the heterogeneous rocks of the crust, can
produce a range of structures at many scales (e.g. Faill and Nickelsen, 1999; Pavlis and
Sisson, 2003; Holyoke and Tullis, 2006; Horsman et al., 2008).
The long-term strength of the crust has long been a subject of debate (e.g.
Jackson, 2002; Afonso and Ranalli, 2004; Handy and Brun, 2004; Burov and Watts,
2006; Thatcher and Pollitz, 2008). Many food-oriented terms have been used to describe
the crust, for instance, the "jelly sandwich" model denotes a strong upper crust and strong
mantle "sandwiching" a weak lower crust. These interpretations favor a steady-state
strength model and are based upon geophysical, experimental, and seismological data.
These models assume that the crustal strength profiles are not time- or rate-dependent.
Conversely, Thatcher and Pollitz (2008) present a transient strength estimate with the
mechanical response varying as a function of the time scale of the perturbation (e.g. postseismic relaxation, glacial loading, or tectonic isostatic adjustment).
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The transient

strength of the lower crust on a tectonic time scale (106-107 years) must be controlled by
the external load (i.e. tectonically derived stress) and internal material properties (i.e.
material 'strength'). This relationship is summed up in Newton's equation of viscosity:
,

6.1

where viscosity (η) is related to the ratio of stress (σ) and strain rate ( ). The strength of
the crust, that is how it strains in response to a given stress, can be altered by
metamorphic reactions and mechanical fracturing.

Given sufficient time to achieve

steady state conditions with respect to reactions and particle paths in an active orogen, the
strength of the crust will essentially reach steady-state conditions spatially and
temporally. Any additional changes to the system, such as flux of fluids through the
crust, seismicity, or climatic effects, will cause the steady-state to be reset.

These

perturbations active over sufficiently long time periods (~107 years) fix the strength of
the crust forming an internally controlled self-ordered system (e.g. Thatcher and Pollitz,
2008).

7.3 Non-linear Feedbacks at the Mesoscale
The mesoscale interaction of tectonic geometry, partitioning of strain, rheological
evolution, and climate-erosion provides a well characterized non-linear feedback that
holds the potential for accumulation of strain, fast exhumation of mid crustal rock, largescale uplift, and creation of high relief topography. This feedback is most efficient at the
mesoscale.

The initial stages of this feedback were described in Chapter 5 as the
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accumulation of strain within the tectonic corner structure records the spatial transition
from lateral transform motion to compressional deformation.

The initiation of this

feedback requires the accumulation of high strain and fast uplift within the tectonic
corner structure. Erosion within this area leads to the continued weakening of the crust
through focused strain, uplift, and thermal advection. Development of faults and shear
zones through focused strain, as well as advective thermal perturbations leading to
thermal weakening increase the further focusing of deformation and uplift within these
regions. The high precipitation rates on the windward flank of the St. Elias Range (e.g.
Enkelmann et al., 2008; Berger et al., 2008a; Berger et al., 2008b) or the Himalayas
(Zeitler et al., 2001; Koons et al., 2002) promote high erosion rates. When the erosion is
focused into a few narrow rivers or glaciers, the end result would be the thinning and
weakening of the upper crust. The full development of tectonic aneurysms require nonlinear feedback between the initial stages of strain focused into tectonic corner structures,
thermal and mechanical weakening within the high strain zone, and fast erosion driven by
high precipitation rates leading to thinning of the strong upper crust.

7.4 Suggestions for Future Work
The work presented add to the understanding of the geodynamics of the
accretionary Yakutat orogen of southern Alaska.

There are a few interesting and

important topics that were beyond the scope of this study that should warrant further
consideration:
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•

A more complete role of surface processes, erosion and deposition,
in the context of reorganization of the tectonic signature should
incorporate a more complete surface model. The vertical loading
of sediment within the Gulf of Alaska derived from the St. Elias
Range could provide an important perturbation to the stress state of
the crust.

•

The role of climate-uplift interaction was not addressed within this
study.

The time dependent nature of glacial erosion is an

important topic; the removal of a large glacial load would, again,
change the stress state of the crust. Also, the variable nature of
glacial erosion links directly with the climate signal. One other
important aspect of the climate signal is the variable glacial load
over the last ~1 Ma. Removal of the glacial load during the ~2000
years have led to extreme isostatically driven uplift rates (up to
0.032 myr-1) within the St. Elias Range and Glacier Bay regions
(Larsen et al., 2005) that are an order of magnitude greater than the
tectonic signal.
•

A linkage between mechanics, rheology, and petrology was
explored in a cursory fashion. This coupling is of fundamental
importance to orogenesis, seismicity, economic geology, tectonics,
and petrology. A more complete linkage can be accomplished by
tying the rheology to petrology within the model. For instance, the
transition from greenschist to amphibolite facies roughly
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corresponds to the transition from brittle to plastic deformation,
respectively. However, this transition, as well as the amphibolite
to granulate transition in the lower crust, can release considerable
fluid that may alter the mechanical behavior of the rocks, act as a
flux driving anatexis, drive hydrothermal alteration and mass flux
elsewhere in the crust, or simply act as an advective medium.
•

The inclusion of a crustal scale fluid model would have important
impacts upon the stress state of the model. This topic was not
addressed due to the inaccuracy of the fluid model calculations in
the numerical method used.

•

Finally, the inclusion of seismic data (G. Pavlis, personal
communication; Eberhart-Philips et al., 2006) would allow for the
development of a more realistic, site specific geometry and more
accurate material properties.
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Appendix A: Numerical modeling Code

The Comsol™ and FLAC3D input code files are included within the attached CD.
The file structure for this Appendix is located within ":/Appendix A/":
Thermal/
2D Thermal Model/
Macroscale/
Reference Model/
Tectonic Model/
Strain-softening Model/
Erosional Tectonic Model/
Erosional Strain-softening Model/
Mesoscale/
Tectonic Model/
Topographic Model/
Erosion Model/
The thermal model input file is reported in HTML format and is viewable with
any web browser. The Mesoscale and Macroscale model input files are .txt and are
viewable with Microsoft Notepad or similar program.

The file "STEEP_Thermal_4.mph" file may be opened with COMSOL™.
To run the model codes in FLAC3D:
Macroscale model code - call "run_coupled_ramp.txt"
Mesoscale model code - call "STE_coupled_topo.txt"
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Appendix B: Numerical Model Sensitivity Analysis

All plots within this section are filled contours of vertical uplift (Dz; m), with each
variable tested as indicated. The initial conditions kinematics, except for the kinematics
trials are given such that Vy = ½Vx.

Figure B.1. Sensitivity analysis for pressure-dependent rheology.
Figure B.1. Sensitivity analysis for pressure-dependent rheology. Trials for A) 'strong'
(φ = 45°, C = 1000 MPa) and B) 'weak' (φ = 25°, C = 10 MPa) upper crust. These and all
following plots are contours of vertical displacement (Dz; m). Note the scales are
constant for all plots.
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Figure B.2. Sensitivity analysis for C and φ.
Figure B.2. Sensitivity analysis for C and φ. Sensitivity analysis for C for trials of A) C
= 1,000 MPa and B) C = 10 MPa and φ for trials with C) φ = 45° and D) φ = 25°.
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.
Figure B.3. Sensitivity analysis for thermally-dependent rheology.
Figure B.3. Sensitivity analysis for thermally-dependent rheology. A) variation of the
thermal model used to define the thermally-dependent rheology for the lower crust. The
"mid" value was used for the models presented in the main text. B) Strength profiles for
wet granite (Kohlstedt et al., 1995), diabase (Mackwell et al., 1998), and olivine
(Kohlstedt and Goetze, 1974; Li et al., 2006) based upon the "mid" geothermal gradient
from Figure B.3.
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Figure B.4. Sensitivity analysis for thermally-dependent rheological variations.
Figure B.4. Sensitivity analysis for thermally-dependent rheological variations. Results
of sensitivity analysis to variations to the lower crust rheology using the A) olivine and
B) diabase flow law with the low thermal gradient and C) olivine and D) diabase flow
laws with the mid thermal gradient. Trials run with the high geothermal gradient and
'wet granite' flow law did not converge.
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Figure B.5. Sensitivity analysis for initial kinematics.
Figure B.5. Sensitivity analysis for initial kinematics. Results of sensitivity analysis to
variations to the value of Vy, where A) Vy = 0, B) Vy = ½Vx, and C) Vy = Vx.
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Figure B.6. Sensitivity analysis for discretization and absence of interface.
Figure B.6 Sensitivity analysis for discretization and absence of interface. Results of
sensitivity analysis to variations to the model grid spacing using a A) coarser and B) finer
grid spacing. C) Results of sensitivity analysis completed without the inclusion of an
interface.
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Figure B.7. Sensitivity analysis for interface properties.
Figure B.7 Sensitivity analysis for interface properties. Results of sensitivity analysis to
variations to the interface properties by varying A) φ = 10°, B) φ = 30°, and C) tension =
20°. Additionally, D) slip is turned off.
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Appendix C: Animations of Model Results
Animations referred to within the text are included within the attached CD.
The file structure for this Appendix is located within ":/Appendix C - Animations/":
Chapter 3/
Animation 3.1: Thermal evolution in 2D. Animation showing the
thermal evolution due to underthrusting by a cold block of material. This
animation is meant to illustrate the effects of thermal advection within a
subduction zone.
Chapter 4/
The keystone image of each of these movies shows the assigned mechanical
constitutive models. Blue - elastic; Red - thermally-dependent plastic flow law;
and Green - pressure-dependent Mohr-Coulomb.
Animation 4.1: Principle Stress axes for the Reference Model.
Animation showing the principle stress tensor plotted on a horizontal
plane (z = -5000 m). The principle stresses are σ1 - red; σ2 - green, and σ3
- blue. Plots are taken at the 500 ky time step. Velocity vectors are
included for reference.
Animation 4.2: Uplift patterns for the Reference Model. Animation
showing the uplift patterns (Dz; meters) within the Reference Model. See
Figure 4.4 for more information.
Animation 4.3: Principle Stress axes for the Tectonic Model. .
Animation showing the principle stress tensor plotted on a horizontal
plane (z = -5000 m). The principle stresses are σ1 - red; σ2 - green, and σ3
- blue. Plots are taken at the 500 ky time step. Velocity vectors are
included for reference.
Animation 4.4: Uplift patterns for the Tectonic Model. Animation
showing the uplift patterns (Dz; meters) within the Reference Model.
Figure 4.4 for more information. See Figure 4.4 for more information.
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Animation 4.5: Principle Stress axes for the Strain-Softening Model. .
Animation showing the principle stress tensor plotted on a horizontal
plane (z = -5000 m). The principle stresses are σ1 - red; σ2 - green, and σ3
- blue. Plots are taken at the 500 ky time step. Velocity vectors are
included for reference.
Animation 4.6: Uplift patterns for the Strain-Softening Model.
Animation showing the uplift patterns (Dz; meters) within the Reference
Model. Figure 4.4 for more information.
Animation 4.3: Principle Stress axes for the Erosional Tectonic Model.
. Animation showing the principle stress tensor plotted on a horizontal
plane (z = -5000 m). The principle stresses are σ1 - red; σ2 - green, and σ3
- blue. Plots are taken at the 500 ky time step. Velocity vectors are
included for reference.
Animation 4.8: Uplift patterns for the Erosional Tectonic Model.
Animation showing the uplift patterns (Dz; meters) within the Reference
Model. Figure 4.4 for more information.
Animation 4.9: Principle Stress axes for the Erosional Strain-Softening
Model. . Animation showing the principle stress tensor plotted on a
horizontal plane (z = -5000 m). The principle stresses are σ1 - red; σ2 green, and σ3 - blue. Plots are taken at the 500 ky time step. Velocity
vectors are included for reference.
Animation 4.10: Uplift patterns for the Erosional Strain-Softening
Model. Animation showing the uplift patterns (Dz; meters) within the
Reference Model. Figure 4.4 for more information.
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The keystone image for these movies is a contour plot of the evolved topography
at 500 ky. Compare with Figure 5.1

Animation 5.1: Principle Stress axes for the Tectonic Model.
Animation showing the principle stress tensor plotted on a horizontal
plane (z = -5000 m). The principle stresses are σ1 - red; σ2 - green, and σ3
- blue. Plots are taken at the 500 ky time step. Velocity vectors are
included for reference.

184

Animation 5.2: Principle Stress axes for the Topographic Model.
Animation showing the principle stress tensor plotted on a horizontal
plane (z = -5000 m). The principle stresses are σ1 - red; σ2 - green, and σ3
- blue. Plots are taken at the 500 ky time step. Velocity vectors are
included for reference.
Animation 5.3: Principle Stress axes for the Erosion Model. Animation
showing the principle stress tensor plotted on a horizontal plane (z = -5000
m). The principle stresses are σ1 - red; σ2 - green, and σ3 - blue. Plots are
taken at the 500 ky time step. Velocity vectors are included for reference.
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Appendix D: Explanation of Variables

Model strain results are plotted in one of two ways: 1) the Cartesian incremental strain
rate components:
D.1

D.2

D.3

or 2) the rotation or vorticity in horizontal (D.4) and vertical (D.5 and D.6) planes:
D.4

D.5

D.6
where Di is the displacement in the i direction. Instantaneous strain and rotation rates can
be calculated by substituting velocities for displacements. The rotation components are
useful as they show the model of deformation. The horizontal component (Ωxy) shows
strain maxima associated with transform faulting, while the vertical components (Ωxz and
Ωyz) show strain associated with normal and thrust faulting.
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The effects of vertical stresses are plotted using the vertical stress index function (VSI):

D.7
which shows the proximity to failure due to a vertical loading by topography.
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